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ABSTRACT
The Rio Grande-Rio Chama (RG-RC) fluvial system has evolved dramatically
over the last 8 Ma, undergoing channel migrations, drainage capture and integration
events, volcanic damming, and carving and refilling of paleocanyons. Volcanism
concurrent with the development of the river system provides a unique opportunity to
apply multiple geochronometers to the study of its incision and drainage evolution. This
paper reports 19 new 40Ar/39Ar basalt ages and 19 detrital mineral samples (zircon and
sanidine) collected from RG-RC alluvium overlain by dated basalt flows in the context of
a compilation of published 40Ar/39Ar basalt ages. The “run-out” geometry of 4.8 Ma
basalts at Black Mesa suggests that the course of the northern Rio Grande connecting the
San Luis to Española basins was established by then. Detrital zircon age spectra for
ancestral Rio Grande alluvium underlying these basalt flows contain 10-12% of 37-27
Ma grains suggesting that the ~5 Ma Rio Grande had its headwaters in the San Juan
Mountains. The 5-3 Ma accumulation of basalt flows on the Taos Plateau was
accompanied by inset relationships downstream (near Black Mesa) documenting the
iv

existence of a developing 5-2.5 Ma Rio Grande valley that provided downstream
discharge. Coincident timing and pre-volcanic knickpoints suggest that surface uplift
associated with the construction of the Taos Plateau volcanic field drove downward
integration to the Palomas basin by 4.5 Ma. Changes in ancestral Rio Grande sediment
provenance from 2.6 Ma to 1.6 Ma document a northward shift of the RG-RC confluence
and indicate that surface uplift of the Jemez Mountains (Valles Caldera) likely drove
further downstream integration. The Taos Plateau volcanic field reduced through-flowing
surface drainage from the San Juan Mountains relative to the Sangre de Cristo Mountains
until the ~0.69-0.44 Ma spillover of Lake Alamosa, but we view this event as a reintegration, not initial integration, of upper Rio Grande drainage.
Progressive downward integration of rift-aligned basins from 8 to 1 Ma was likely
facilitated by waning rift extension that allowed aggradation to exceed subsidence.
Downward integration events crudely mimic climate change “events” at 6 Ma (onset of
the southwestern monsoon) and 2.5 Ma (global change toward glacial-interglacial
climate). Magmatic influences include the 6-2.5 Ma building of the Taos Plateau volcanic
field, Jemez Mountain caldera eruptions at 1.6 and 1.25 Ma, along with continued
magmatism that developed constructional topography and Jemez lineament volcanism
that may have been associated with mantle-driven epeirogenic uplift across northern New
Mexico. Integration of the RG-RC system to the Gulf of Mexico by 0.8 Ma was
facilitated by headwater uplift as well as increased frequency of ~100 ka high-amplitude
glacial-interglacial cycles that contributed to higher discharge and bedrock incision rates
during the Pleistocene. We conclude that magmatic and tectonic drivers dominated over
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the last ~8 Ma, but were amplified by climate change events to determine the fluvial
evolution of the RG-RC system.
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1. INTRODUCTION
River systems are sensitive to external forcing, such as climatic and tectonic
change, and they may reveal this sensitivity via adjustments in longitudinal profile or
plan form. This paper provides a synthesis of the birth and evolution of the Rio GrandeRio Chama (RG-RC) fluvial system, which sets the pace of landscape evolution for the
Rio Grande rift and southeastern Rocky Mountains (Fig. 1). The river flows over 3000
km from its headwaters in the San Juan Mountains of southwestern Colorado to its mouth
at the Gulf of Mexico. Its primary tributaries include the Conejos, Costilla, Red, Hondo,
Embudo, Chama, Jemez, Puerco, Conchos, and Pecos Rivers (Fig. 2). The Rio Grande
flows through a series of structural basins of the Rio Grande rift, including, from
upstream to downstream, the
San Luis, Española, Santo
Domingo, Albuquerque,
Engle-Palomas, Mesilla, and
Hueco basins (Fig. 2). At
the Embudo Gaging Station
(upstream of the Rio Chama
confluence) Rio Grande
discharge has been recorded
since 1931, and from 1956
has had an average of 840
Figure 1. Physiographic provinces of the southwestern United States.

ft3/s; comparatively, since 1956 The Rio Grande flows through a variety of landscapes and plays a

central role in draining the southern Rocky Mountains, eastern edge of
the Colorado Plateau, Rio Grande rift, southeastern Basin and Range,
southern Great Plains, and the southern Coastal Plain.
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the Rio Chama has had an average discharge of 336 ft3/s.
This synthesis builds on papers by Connell et al. (2005), Hawley (2005), and
Mack et al. (2006) in an effort to integrate the extensive, and somewhat inaccessible,
literature on the Rio Grande. Primary concepts that are synthesized and tested in this
study include: the 5-4 Ma integration of the Rio Grande to southern New Mexico
(Gustavson, 1991; Mack et al., 2006), integration to the Gulf of Mexico by ~800 ka
(Pazzaglia and Hawley, 2004); the process of downward integration (Connell et al., 2005,
2012); drainage reorganization of the RG-RC confluence involving lava dams and
outburst flood events (Reneau and Dethier, 1996; Dethier, 1999); and the integration (or
re-integration) of the upper Rio Grande and Red River at ~0.44 Ma driven by spillover of
Lake Alamosa (Wells et al., 1987; Machette et al., 2013) that resulted in valley incision
along the entire fluvial system (e.g. Hawley, 2005; Pazzaglia, 2005).
We test these previous models of drainage integration with new and compiled
40

Ar/39Ar ages for basalt flows that interacted with RG-RC evolution. We also apply the

first Rio Grande detrital mineral study on age-constrained river sands. The resulting data
and synthesis provides an excellent example of the interplay among tectonic, magmatic,
climatic, and geomorphic processes during the birth and evolution of a continental-scale
river system.

2

Figure 2. 30-m resolution digital elevation model of our study area that highlights primary basins of the
Rio Grande rift, Eocene-Oligocene volcanic fields identified as major sediment sources (cross-hatching)
(SJVF = San Juan volcanic field, LVF = Latir volcanic field, MDVF = Mogollon Datil volcanic field),
undivided Neogene-Quaternary volcanic fields associated with the Jemez Lineament, and modern drainage
configurations. Numbers show the locations of detrital mineral samples. Major rivers shown: AR =
Arkansas River, CR = Colorado River, Can. R = Canadian River, GR = Gila River, JR = Jemez River, PR =
Pecos River, RC = Rio Chama, RR = Red River, RE = Rio Embudo, RG = Rio Grande, RP = Rio Puerco,
RSJ = Rio San Jose, SJR = San Juan River. Dashed Line delineates the boundary of the Rio Grande rift.
ABQ = Albuquerque, NM; VC = Valles Caldera.
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2. ANNOTATED SYNTHESIS OF PREVIOUS WORK
Despite its present resolute flow from the San Juan Mountains in Colorado over
3,000 km to the Gulf of Mexico, the Rio Grande was not a through-flowing river along its
present length until about the last million years (Connell et al., 2005; Mack et al., 2006),
or perhaps even the last ~500 ka (Wells et al., 1987; Machette et al., 2013). The
following synthesis of prior work on the Rio Grande-Rio Chama system and on the
precursor fluvial components of the Santa Fe Group provides needed context for
understanding our new data.
2.1. Role of Rio Grande rift structure and magmatism in localizing drainage
Research on the Rio Grande fluvial system is entwined with studies of the Rio
Grande rift and the Santa Fe Group rift-fill successions that were deposited during
continental extension. The Rio Grande rift stretches over 1,000 km from central Colorado
to northern Mexico and is bound on both sides by major normal faults. Kirk Bryan (e.g.
Bryan, 1938) had significant influence on the field of geomorphology, and particularly on
Rio Grande rift studies in which he made a fundamental observation that there are both
rift basins with through-flowing rivers and with internal drainage. This distinction has led
to extensive inquiry regarding when and how rivers connected different rift basins (Ruhe,
1962; Smith et al., 2001; Connell et al., 2005; Koning et al., 2011; 2013). As summarized
by Connell et al. (2005), important characteristics of rift basins are as follows. 1) Early
basins are isolated, internally-drained basins (Chapin and Cather, 1994). 2) Half graben
basin asymmetry develops by which major displacement faults alternate from the east
side of one basin to the west side of another basin (Muehlberger, 1979; Rosendahl, 1987)
and this geometry gives rise to differing piedmont facies of alluvial fans on opposite sides
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of an axial river system that can migrate east to west with varying slip rates on the master
fault. 3) Axial alignment of overlapping basins provides a potential hydrologic linkage of
streams and/or groundwater. 4) Accommodation zones between basins generally produce
low topographic relief between sub-basins that can be breached by lake spillover,
groundwater sapping, and headward erosion to allow through flowing rivers to connect
originally separate, internally-drained basins.
In addition to regional structure, magmatism plays a significant role in
determining where rivers establish their channels. From 35 Ma through 17 Ma active
volcanoes dominated the northern New Mexico and southern Colorado landscape
(Thompson et al., 1991). Mid-Tertiary volcanism was related to an ignimbrite flare-up
and involved 30-18 Ma silicic and mafic volcanism in southern New Mexico (Mogollon
Datil volcanic field; McIntosh et al., 1992) concurrent with intermediate to silicic caldera
volcanism in southern Colorado (San Juan volcanic field; Lipman, 2007) and northern
New Mexico (e.g. Latir volcanic field; Zimmerer and McIntosh, 2012). River systems of
Tertiary age in the region are incompletely known, but Oligocene paleoriver systems that
developed concurrently with volcanic activity include the Telluride, Blanco Basin, El
Rito-Ritito, and Abiquiu fluvial systems that drained west, east- and southward from the
San Juan volcanic field as documented by extensive basement-clast conglomerate units
(Donahue et al., in review). This fluvial system was responsible for dispersing extensive
volcaniclastic aprons from these topographic highs, and depositing units such as the
Espinaso Formation, Esquibel petrosome, and Datil Group that blanketed the San Juan
basin and Taos Plateau until the Rio Grande-Rio Chama system began to develop (Cather
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et al., 1987; Ingersoll and Cavazza, 1991). In the Great Plains, paleorivers flowed east
and southeast from the Rocky Mountains to the Gulf of Mexico (Galloway et al., 2011).
Volcanic activity diminished around 16 Ma, and was followed by a period of
extensional faulting and rapid subsidence of rift basins relative to uplifting rift flanks
(Chapin and Cather, 1994). Miocene faulting associated with Rio Grande rift extension
played a key role in regional drainage evolution especially after about 20 Ma when a
major episode of rift flank uplift and associated subsidence took place 20-10 Ma as
documented by apatite thermochronology data (Ricketts et al., 2015). Miocene streams
began to flow toward internally-drained basin lows along the axis of developing Rio
Grande rift sub-basins with resulting aggradation of thick rift-fill sections.
Rates of extension slowed during the Pliocene and Pleistocene (Chapin and
Cather, 1994), and the Rio Grande became integrated from basin to basin. From 10 Ma to
present, basaltic volcanism occurred along the Jemez lineament, which also involved
silicic volcanism in the Valles Caldera and Mount Taylor. At the southern end of the San
Luis basin, the Rio Grande carves through the Taos Plateau volcanic field with over
7,000 km2 of Servilleta Basalt that ranges in age from ~5.3 to ~2.8 Ma (Appelt, 1998;
Thompson et al., 2012). This plateau contains stratigraphy that records aggradation of
about 240 m of volcanic and sedimentary units that developed from 5 Ma to 2 Ma
(Appelt, 1998).
2.2. Summary of axial facies (trunk rivers) of rift basins
Sediments deposited in Rio Grande rift basins are known as the Santa Fe Group.
Geographically and temporally related basin fill units are given formation names, and
member names are used to further delineate distinct lithosomes that often reflect local
6

provenance. Sediment deposited by axial rivers flowing through one or more rift subbasins, a main focus of this study, has been classified using different nomenclature from
sub-basin to sub-basin, and are interpreted differently by various researchers (e.g. Seager
et al., 1984; Smith et al., 2001; Connell et al., 2007, 2013; Koning et al., 2013).
Figure 3 (modified from Connell et al., 2005; 2013) synthesizes Santa Fe Group
stratigraphy, specifically where it relates to the evolution of trunk river systems, and the
following synthesis is hinged on this dataset. This figure is modified from Connell et al.
(2005) and Connell et al. (2013) and provides the basic temporal history of the Rio
Grande rift as it relates to the Rio Grande fluvial system. A new aspect is the attempt to
define the temporal and spatial evolution of each basin and the switch from internal
drainage to the development of through-flowing streams (linking more than one basin).
The ancestral Rio Chama trunk river is colored orange; ancestral Rio Grande trunk river
is yellow; various Santa Fe Group members interpreted as ancestral tributaries to the
developing trunk streams are shown as lacustrine sediments that mark times of ponded
drainage.
The earliest axial river known to have developed in north-central, New Mexico
was the Rio Chama, which at present drains the southernmost San Juan Mountains and
has its confluence with the Rio Grande in the Española basin. Española basin stratigraphy
is dominated by the Chamita Formation, which contains axial fluvial facies and eastern
piedmont slope alluvium. The Hernandez Member of the Chamita Formation contains a
fluvial facies that represents the ancestral Rio Chama. In the northwest Jemez Mountains,
this unit outcrops beneath 7.79 Ma basalt flows of the La Grulla Basalt on Polvadera
Mesa (Kelley et al., 2013), which documents the ancestral Rio Chama back to at least 8
7

Ma. Sand and gravel of the same facies can be found underlying the 6.81-6.88 Ma Peralta
Tuff in the southeast Jemez volcanic field near Tent Rocks National Monument (Smith
and Kuhle, 1997; Smith et al., 2001).
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Figure 3. Key stratigraphic units documented in the Rio Grande valley related to post-Miocene Rio Grande rift drainage evolution. Fluvial trunk river
sediment described in the literature as ancestral Rio Grande is colored yellow, ancestral Rio Chama is colored orange, and ancestral Red River is colored redbrown. New basalt samples (blue circles) and detrital mineral samples (blue stars) are shown in their stratigraphic positions. The first arrival of far-traveled Rio
Grande-Rio Chama sediment containing quartzite cobbles is interpreted to represent the transition from internal drainage to a through-flowing river. The tops of
each stratigraphic column, below the green line and below the terrace flights, represents the geomorphic surface marking maximum rift fill (aggradation) prior to
valley incision in each basin.

The oldest known ancestral upper Rio Grande sediment is interbedded with
Tertiary Santa Fe Group deposits and is overlain by ~5 Ma basalt flows of the Taos
Plateau volcanic field and Black Mesa. In the upper San Luis basin, it is uncertain when
ancestral Rio Grande sediment begins to appear in the basin fill stratigraphic sequence. In
the lower San Luis basin, the eolian-derived Ojo Caliente sandstone Member and alluvial
fan-sourced Cieneguilla Member of the Tesuque Formation comprise the basin fill
beneath the first ancestral Rio Grande deposits (Koning, 2004). The ancestral Red River
is the major contributor to ancestral Rio Grande drainage in this part of the river system.
Manley (1979) suggested that the deposition of axial Rio Grande sediment in the
Española basin began after deposition of the Upper Miocene Cieneguilla Member of the
Tesuque Formation at ~5.3 Ma. Bachman and Mehnert (1978) also suggested the Rio
Grande originated 4-5 Ma. This agrees with the geometry of the early Black Mesa basalt
flows that emanated from the Taos Plateau volcanic field (~4.9-4.8 Ma; this paper).
Numerous pulses of basaltic volcanism subsequently covered the Taos Plateau, and the
presence of river gravels in between and on top of the basalt flows suggests that the Rio
Grande continued to aggrade on the plateau until after 2.8 Ma (Dungan et al., 1984;
Appelt, 1998).
In the Española and Santo Domingo basins, ancestral Rio Chama deposits grade
into combined ancestral Rio Grande-Rio Chama sediment with no good age constraint on
the transition. The Vallito Member of the Chamita Formation has been identified as the
ancestral Rio Grande trunk stream in the Española basin (Koning et al., 2011), however,
the stratigraphic base of this axial facies has yet to be identified here. Ancestral axial
river facies in the Santo Domingo basin are part of the Sierra Ladrones Formation (Smith
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et al., 2001). Interfingered with the trunk river deposits in these basins are side stream
deposits of the ancestral Rio Embudo (Cejita Member, Chamita Formation), ancestral
Santa Fe River (eastern piedmont facies, Sierra Ladrones Formation), and ancestral
Jemez River (Cochiti Formation) (Smith et al., 2001; Koning et al., 2013).
During establishment of the ancestral Rio Grande in the San Luis, Española, and
Santo Domingo basins, downstream basins remained internally drained, as documented
by the Popotosa Formation in the southern Albuquerque basin, the Rincon Valley
Formation in the Engle-Palomas basin, and the Fort Hancock Formation in the Mesilla
and Hueco basins. Quartzite-bearing ancestral Rio Grande gravels derived in northern
New Mexico and a hallmark of deposition by axial trunk streams developed progressively
later in each southern sub-basin. In the Albuquerque basin this unit is described as the
axial fluvial facies of the Sierra Ladrones Formation, which reached the basin by 4.76 Ma
(Connell et al., 2013). The Ceja Formation on the passive western rift flank of the
Albuquerque basin documents the development of the Rio Puerco, a major tributary to
the Rio Grande. Far traveled quartzite cobbles first reached the Palomas basin in the
southern Rio Grande rift during the Nunivak geomagnetic polarity subchron (4.64 to 4.47
Ma) based on correlations of fossil and paleomagnetic data (Repenning and May, 1986;
Mack et al., 2006). Clasts derived from the same sources arrived in the Mesilla basin by
3.58 Ma, based on proximity of the base of the Camp Rice Formation to the GilbertGauss geomagnetic polarity boundary (Mack et al., 1993). Far traveled fluvial sediment
reached the Hueco basin near El Paso some time before 2.06 Ma, supported by
interbedded Huckleberry Ridge ash in the Camp Rice Formation (Gustavson, 1991). This
event documents the spillover of ancestral Lake Cabeza de Vaca, which allowed Rio
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Grande drainage to integrate with the already established Pecos River sometime by 0.8
Ma (Pazzaglia and Hawley, 2004; Connell et al., 2005; Mack et al., 2006; Connell et al.,
2013). Together, drainage from these two rivers began to flow to the Gulf of Mexico.
This progressive “downward integration” documented by sedimentology and
geochronology datasets was summarized by Connell et al. (2005) and Connell et al.
(2013), and it emphasizes a fundamentally important attribute of the birth of the Rio
Grande.
2.3. Lava dams and interactions between the river and volcanism
Volcanic activity within the Taos Plateau volcanic field (Lipman and Mehnert,
1975; 1979) perhaps had the most powerful influence on the evolution of the Rio Grande.
Cosca et al. (2014) identified over 50 volcanic centers, in addition to myriad vents and
fissures that are concealed by the thick stratigraphy of interbedded basalt and Santa Fe
Group sediment. Quartz latite intrusions into the Taos Plateau date back to ~5.88 Ma
(Cerro Montoso) (Appelt, 1998), which may have induced surface uplift about the Taos
Plateau, creating a drainage divide between the upper and lower San Luis basin. The
Servilleta basalt is the volumetrically dominant lithology at over 200 km3 (Appelt, 1998),
and eruptions of these basalts are estimated to have lasted from 5.26 to 2.8 Ma
(Thompson et al., 2012). Continuous interactions between the ancestral Rio Grande and
basaltic lava flows during this time left a stratigraphic record of lower San Luis basin
evolution. Dungan et al. (1984) performed a detailed study of the volcanostratigraphic
sequences exposed along the Rio Grande Gorge, which showed that the Servilleta basalt
flows thicken toward the modern Rio Grande drainage and identified the lack of river
deposits between basalt flows in the north-central part of the plateau. An isopach map for
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the Black Mesa-La Mesita area presented in the Dungan et al. (1984) study shows that
basalt flows thicken toward the present Rio Grande Valley from both the east and west.
These observations suggest that the Servilleta basalts flowed into the ancestral Rio
Grande valley and may have subsequently limited or precluded drainage from the north
between ~5 Ma and ~2 Ma. In contrast, flows are interbedded with fluvial sediment at the
eastern edge of the Taos Plateau and in areas where the basalt flowed southwest into a
developing valley, such as Black Mesa. From well data, Winograd (1959) found evidence
of a ~30 m thick unit of lacustrine sediment covering an area roughly 46 km2 north of
Guadalupe Mountain in the San Luis Valley. This unit represents the time when the Rio
Grande was dammed by emplacement of the Servilleta basalt. Current models emphasize
that the Rio Grande did not completely overcome this topographic divide until 0.69-0.44
Ma (Rogers et al., 1992; Machette et al., 2013), but underemphasize the interactions of
volcanism and drainage evolution from 5.0 to 0.69 Ma.
Evidence suggests that during this same timeframe the ancestral Rio Embudo was
a larger drainage that played a significant role in the birth of the ancestral Rio Grande.
Two important outcrops of basalt, one dated at 5.67±0.12 Ma (Bauer et al., 2005), are
located along the Rio Embudo drainage. These flows have geochemical similarity to and
are the same age as basalts from the northwestern Ocate volcanic field just east of the
Taos Range of the Sangre de Cristo Mountains (Nereson et al., 2013), which indicates
that the paleo Rio Embudo provided fluvial connectivity between the Great Plains and the
Rio Grande rift across the modern Sangre de Cristo drainage divide (Smith, 2004).
The Rio Grande interacted with numerous volcanic events in the Española basin
as a result of late Pliocene emplacement of lava and phreatomagmatic flows from the
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Cerros del Rio and Jemez volcanic fields into the ancestral Rio Grande valley (Reneau
and Dethier, 1996). Basalt and ash flows repeatedly dammed the river, intermittently
raising local base level. To regain its previous base-level the Rio Grande breached these
natural dams and underwent periods of rapid incision following the volcanic events.
Emplacement of 2.8-2.5 Ma basalts from the Cerros del Rio volcanic field buried
ancestral RG-RC river gravel (Bachman and Mehnert, 1978) in the Española and Santo
Domingo basins, and 2.5 Ma basalts were emplaced at Santa Ana Mesa in the northern
Albuquerque basin. The underlying gravels are termed the “Totavi Lentil” member of the
Puye Formation (Griggs, 1964; Waresback and Turbeville, 1990). Following basalt
emplacement, the Rio Grande incised deep canyons, which were subsequently filled by
the 1.6 Ma eruption of the lower Bandelier Tuff (Otowi Member) from the Valles
Caldera (Reneau and Dethier, 1996; Spell et al., 1996; Dethier, 1999). River-rounded
basalt boulders and quartzite cobbles of the Totavi Lentil were deposited by the river
before the Bandelier Tuff eruption and remain at the bottoms of these paleocanyons
(Reneau and Dethier, 1996; Dethier, 1999). Purtymun et al. (1980) noted that the Totavi
Lentil is pervasive between volcanic rock within the southeastern Jemez volcanic field.
The 1.2 Ma eruption of the upper Bandelier Tuff (Tshirege Member) (Spell et al., 1996)
filled in the post-1.6 Ma canyons and forced the Rio Grande eastward, away from the
caldera, where it subsequently incised a canyon over 300 m deep (White Rock Canyon),
creating the stratigraphic relationships illustrated in Figure 4. Pumice clasts from the
outburst floods produced by the breaching of these volcanic dams were deposited as far
downstream as the Mesilla basin, where gravel-sized pumice clasts can be found in the
Camp Rice Formation (Mack et al., 1996). The Jemez Mountains area provides a
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dramatic record of lava dams and
river course modifications due to
interactions with volcanism that
persisted intermittently until ~50 ka
(Reneau and Dethier, 1996).
Similar interbedded basalt
and fluvial sediment can also be
found south of the Albuquerque
basin. Near Socorro, New Mexico,
basalts dated at 4.0±0.25 Ma rest on
alluvium that may be related to the
Figure 4. Illustration (modified from Reneau and Dethier,
1996) showing different ages of Totavi Lentil and locations of
detrital zircon samples from this paper.

ancestral Rio Grande, and near San
Acacia, a 4.5±0.1 Ma basalt flow

underlies what appears to be ancestral Rio Grande gravel (Bachman and Mehnert, 1978).
In the Engle-Palomas basin ancestral Rio Grande sediment is interbedded with 2.1 to 2.9
Ma basalt flows of the Caballo-Engle volcanic field (Bachman and Mehnert, 1978).
Although these lava dams and outburst flood events have been recognized, the
implications for upstream and downstream drainage integration and events has received
less attention.
2.4. The “Turnaround” from aggradation to incision
A “turnaround” from aggradation to incision occurred regionally in the southern
Rocky Mountains, Great Plains, and southwestern United States at ~8-4 Ma (McMillan et
al., 2006), possibly in response to the intensification of the North American monsoon
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after the late Miocene opening of the Gulf of California (Chapin, 2008; Cather et al.,
2012) and/or with mantle-driven surface uplift (Karlstrom et al., 2011). However, the Rio
Grande rift was subsiding and did not experience this process reversal until much later.
From inception until after 0.8 Ma, the Rio Grande was in a state of aggradation and
deposited sediment in response to rift basin subsidence combined with high sediment
load relative to stream power. After 1 Ma, fluvial terraces record aggradation-incision
cycles superimposed on a net bedrock incision trend (Fig. 3, green line) (Kelson and
Wells, 1987; Dethier and Reneau, 1995; Dethier, 1999; Pazzaglia and Wells, 1990;
Connell et al., 2007), similar to the other river systems in the Rocky Mountain-Colorado
Plateau region.
In the lower San Luis basin, Figure 3 shows that incision began after 1.2 Ma
based on a layer of the upper Bandelier Tuff near the top of the Lama Formation
sedimentary sequence (Pazzaglia and Wells, 1990). In the Española and Santo Domingo
basins, the magnitude of incision into the upper Bandelier Tuff indicates rapid, semisteady Rio Grande incision in White Rock Canyon over the last 1.2 Ma at a rate of ~250
m/Ma as the river re-incised through volcanic-filled paleocanyons (Fig. 4). The combined
data indicate an incisional regime after 1.2 Ma in the Española basin. In the Albuquerque
basin, geomorphic surfaces west of the modern floodplain (~1.8 Ma Llano de
Albuquerque; Connell et al., 2013; McCraw, 2016) and east of the modern floodplain
(0.8 Ma Sunport surface; Connell et al., 2007, 2013) may represent a diachronous basinwide transition from aggradation to incision. The 1.8 Ma Llano de Albuquerque
represents the culmination of sediment deposition from the Rio Puerco, a main tributary
to the Rio Grande (Connell et al., 2013; McCraw, 2016). The Sunport surface is the
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aggradational top of the Sierra Ladrones Formation axial facies deposited on the east side
of the Albuquerque basin; however, incision into the Sunport surface began after 0.8 Ma,
based on age estimates of flora and vertebrate fauna in ancestral Rio Grande deposits near
the top of the Sierra Ladrones Formation (Lucas et al., 1993; Morgan and Lucas, 2003;
Bell et al., 2004; Connell et al., 2007). Apparent diachronous incision is best interpreted
as onset of the incisional regime by 1.2 Ma, where the Sunport surface is an inset
geomorphic surface similar to the wide abandoned floodplains in the Española basin. The
occurrence of 0.64 Ma Lava Creek B ash in inset ancestral Rio Grande terraces in the
Española and Albuquerque basins (Connell et al., 2007) confirms that valley incision
began significantly prior to 0.64 Ma. In the Palomas basin, aggradation of the Palomas
Formation ended near the Matuyama-Bruhnes geopolarity chron boundary (Mack et al.,
1993, 1998, 2006), forming the Cuchillo geomorphic surface (McCraw and Love, 2012),
and the Rio Grande valley began to incise after 0.78 Ma. The concave-up, steep
longitudinal profiles of segments of the Cuchillo surface suggest tributary profiles
(McCraw and Love, 2012). The Mesilla basin changed from aggradation to incision
between 0.75 and 0.64 Ma, and the Hueco basin changed after 0.64 Ma, as shown by
Lava Creek B ash within the uppermost Camp Rice Formation (Gustavson, 1991).
Together, these age constraints represent a downward-propagating change from
aggradation to valley incision in Rio Grande basins from 1.2 to 0.8 Ma in northern basins,
and from 0.78 to 0.64 Ma in southern basins, as highlighted by the green line in Figure 3.
2.5. Red River headwaters and spillover of Lake Alamosa hypotheses
Wells et al. (1987) proposed that the Red River in the Taos Range of the Sangre
de Cristo Mountains served as headwaters to the ancestral Rio Grande while the Taos
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Plateau volcanic field inhibited surface drainage from the upper San Luis basin. The 1.22
Ma Lama geomorphic surface, perhaps analogous to the Llano de Albuquerque, is highly
dissected south of the Red River, but is relatively unincised north of the Red River valley
where ephemeral streams flowing across this surface have ~100 m knickpoints at their
confluences with the Rio Grande (Pazzaglia and Wells, 1990). Downstream of the Red
River valley, the Rio Pueblo de Taos also has a ~150 m knickpoint where the tributary is
responding to keep pace with the rate of Rio Grande incision below the knickpoint. Qt2
of Wells et al. (1987) is the oldest mapped ancestral Rio Grande terrace and is correlated
to a 1.12 Ma tephra layer. Terrace deposits can be traced up the Red River as far as 10
km, but cannot be traced along the Rio Grande north of the Red River confluence. Based
on this observation, Wells et al. (1987) suggested that the Red River was headwaters to
the 5-2 Ma ancestral Rio Grande, and that the modern headwaters of the high San Juan
Mountains were not captured until sometime between 0.6 and 0.3 Ma when the lower Rio
Grande system became reconnected to the upper San Luis basin. Figure 3 depicts this
somewhat differently, with deposition of lake sediment in the upper San Luis basin
before 2.48 Ma through 0.69 Ma, with probable groundwater connectivity and Red River
discharge to the Rio Grande during this time.
A final pulse of Rio Grande integration involved the spillover of Lake Alamosa.
This lake in the upper San Luis basin detained southeastern San Juan Mountain drainage
from ~2.5 Ma until sometime between 0.69 and 0.44 Ma (Rogers et al., 1999; Machette et
al., 2007, 2013). Rivers in the northern San Luis basin, like the Conejos and Costilla,
have barbed confluences with the Rio Grande, suggesting that these rivers flowed
northward for a period of time and only recently (within the last ~1 Ma) began draining
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into a southward-flowing Rio Grande. Fine sand and lacustrine sediments up to 500 m
thick in the San Luis basin provide evidence for a large lake where the Rio Grande
deposited its sediment carried from the San Juan Mountains, which is known today as
ancient Lake Alamosa (Machette et al., 2007, 2013; Connell et al., 2005). Rogers et al.
(1992) drilled a core to 127 m depth in the southern San Luis Valley, in which they found
fossils correlated to late Pliocene-early Pleistocene time, identified the 2.06 Ma
Huckleberry Ridge Ash at 78.3 m depth, and correlated basal sediments to the late
Pliocene Gauss geomagnetic polarity chron, which constrains this sedimentary record
back to ~2.48 Ma. The drill core records nearly continuous sedimentation until ~0.69 Ma,
which is the youngest sediment in this part of the San Luis basin. Channel facies were
prevalent throughout the core, abundant in volcanic sediment, which suggests that San
Juan Mountain streams were delivering volcanic sediment to the basin throughout the
2.48-0.69 Ma depositional period. It is unclear when San Juan Mountain drainage began
accumulating in Lake Alamosa, but it is likely that the building of the Taos Plateau
volcanic field created a partial drainage divide between Lake Alamosa and the lower San
Luis basin. Upper Rio Grande drainage was reintegrated with the lower portion of the
river system after this topographic high was compromised. A cosmogenic 3He surface
exposure age reported by Machette et al. (2013) suggests that Lake Alamosa spilled over
at 0.439±0.006 Ma, during which the lower ancestral Rio Grande system captured a
drainage area of about 22,000 km2. This age was derived from pyroxene phenocrysts
extracted from the surface of a single 29 Ma basalt boulder, which was assumed to have
been transported from the San Juan Mountains, deposited in a lake spit, and subsequently
exposed at the time of the spillover. Previous studies (Connell et al., 2005; Machette et
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al., 2007, 2013) suggested that the spillover was driven by increased lake levels at the end
of marine oxygen isotope stage 12, which represents the extensive North American
glaciation from 452-427 ka. Other studies (e.g. Wells et al., 1987; Repasch et al., 2015)
suggest continuous uplift of the southern Rocky Mountains as a potential mechanism of
lake spillover.
2.6. Roles of climate and tectonics
The published literature posits both tectonics and climate as drivers of
geomorphic evolution of the Rio Grande, but additional datasets constraining timing of
events and a regional framework are needed to differentiate the distinct influences posed
by each. Pazzaglia and Wells (1990) conclude that younger (<1 Ma) alluvial fans and
fluvial terrace deposits reflect late Quaternary climate fluctuations, while older pediment
deposits and middle Pleistocene strath terraces record larger-scale changes in base level
related to tectonics in the northern Rio Grande rift. Reneau and Dethier (1996) were
possibly the first to identify the geomorphic influence of local base level rise imposed by
volcanism and uplift of the Valles Caldera magmatic system.
Favoring climate, increased amplitude and higher frequency of glacial-interglacial
cycles in the Pleistocene has repeatedly been identified as a probable cause of (Connell et
al., 2005; Mack et al., 2006), but has never been directly correlated to the 1.2-0.8 Ma
turnaround from aggradation to incision. Connell et al. (2005) noted that there is no good
temporal correlation of climate change events with the downward integration of the Rio
Grande, yet they still favored climate as a general driver of downward integration
(Connell et al., 2005, 2012). Perez-Arlucea et al. (2000) noted that regional climate was
relatively warm and dry at the 4.5 Ma time of Rio Grande integration to the Palomas
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Basin, which is not consistent with a wetter climate triggering downward integration.
Chapin (2008) proposed major climate change at 6 Ma with the onset of the North
American monsoon that was likely triggered by the opening of the Gulf of California
(note that initial opening of the Gulf of California was progressive from 11 to 5 Ma, but
there may well have been significant strain localization along the transtensional plate
boundary south of 33.5 longitude and new sea floor development by 6 Ma; Bennett et al.,
2016). Huybers and Molnar (2007) documented the onset of North American glaciations
at ~2.5 Ma, which likely had dramatic effects on existing fluvial systems with glaciated
headwaters. Molnar (2004) showed global increase in sedimentation due to higher
erosion rates during the post 2-3 Ma cooling climate, but it was a gradual shift through
this time period rather than an abrupt climate event. Late Pleistocene climate shifts due to
the advance and retreat of continental ice sheets began at ~1 Ma and this is roughly
correlated to aggradation and incision oscillations that formed river terraces in the
Southwest U.S. These climate oscillations were superimposed on an overall trend of
bedrock incision that has left older terraces higher in the landscape (Karlstrom et al.,
2011).
For tectonics, river integration has been attributed to overfilling of Rio Grande rift
basins and eventual hydrologic spillover as rates of tectonic basin subsidence decreased
in the Pliocene (Chapin and Cather, 1994). Wells et al. (1987) identified headward
erosion north of the Red River and regional epeirogenic uplift (e.g. Karlstrom et al.,
2011) as possible triggers for onset of basin-wide incision and spillover of Lake Alamosa.
Wisniewski and Pazzaglia (2002), Nereson et al. (2013) suggested that differential
incision of the Canadian River was related to epeirogenic uplift associated with the Jemez
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lineament, a concept supported for the Rio San Jose by Channer et al. (2015), and one
that we also explore in this paper. Fault activity has also performed a role in the evolution
of the Rio Grande (i.e. Smith et al., 2001), which we expand upon in section 4.1. New
chronologic data reported here provide a means to test the influences of both climatic and
tectonic forcings on fluvial landscape evolution.
3. NEW RESEARCH
3.1. Methods
3.1.1. River profile analysis
We analyzed the Rio Grande longitudinal profile to identify significant
knickpoints (over steepened reaches of the river) and to evaluate integration processes.
The profile was extracted in ArcGIS using a 10-m DEM acquired from the USGS
National Elevation Dataset (NED). Channel elevation was plotted along the entire length
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of the river, and river-parallel profiles of bedrock canyons were also created where they
exist.
3.1.2. Application of multiple geochronometers
Accurate age constraint on fluvial terrace deposits can be challenging to obtain.
Reworked volcanic ash or tephra layers within terrace deposits are readily datable and,
where they exist, can provide excellent control on timing of deposition (e.g. Lava Creek
B tephra used by Dethier, 2001). Volcanism concurrent with the development of the Rio
Grande fluvial system provides a unique opportunity to apply multiple geochronometers
to drainage evolution studies. This study takes advantage of locations like the Taos
Plateau, Jemez, and Caballo Volcanic Fields, where ancestral Rio Grande fluvial sand
and gravel is preserved beneath basalt flows, as illustrated in Figure 5.
To constrain the
timing of deposition of
ancestral Rio Grande
sediment deposits we apply
40

Ar/39Ar geochronology to

the overlying basalt flow,
which provides a minimum
Figure 5. Sampling strategy used in this study. Basalt flows overlying
ancestral river sediment are sampled and dated using 40Ar/39Ar
geochronology, providing a minimum depositional age for the river
deposit. Hundreds of individual detrital zircon and sanidine grains are
dated using U-Pb and 40Ar/39Ar geochronology, respectively,
providing maximum depositional ages and sediment provenance.

depositional age. For a
maximum age constraint, we
apply U-Pb and 40Ar/39Ar

geochronology to date detrital zircon and sanidine, respectively, by which the youngest
grain in the sediment sample can provide the maximum depositional age. Based on the
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assumption that the basalt flow was emplaced very shortly after the sediment was
deposited, we use the minimum age constraint as the preferred depositional age. Some
fluvial terraces contain dated volcanic ashes, which provides an excellent age constraint
where there is no overlying basalt flow. Key sample locations that help test river
integration models include modern and ancestral Rio Grande sediment above and below
the Red River confluence, above and below the Rio Chama confluence (Black Mesa-La
Mesita area), in the Albuquerque Basin, and in the Engle-Palomas Basin.
3.1.3.

40Ar/39Ar

basalt geochronology

New basalt ages also aid landscape evolution studies, as the basalt flows help to
construct paleo-river profiles and paleodrainage maps at the time of cooling. Nineteen
basalt samples were collected from late Cenozoic flows, most from the same locations as
the 19 ancestral Rio Grande-Rio Chama fluvial sediment samples. Basalt samples were
analyzed using the 40Ar/39Ar method at the New Mexico Geochronology Research
Laboratory (NMGRL) in Socorro, NM. Samples were cleaned using hydrochloric acid,
crushed and sieved, and phenocrysts were separated from groundmass. Groundmass
concentrates were incrementally heated and 40Ar/39Ar ratios were measured using an
ARGUS VI mass spectrometer to generate age spectra comprised of eight to thirteen
steps each. Ages were calculated relative to the FC-2 standard (Fish Canyon Tuff) at
28.201 Ma and 40K total decay constant of 5.543e-10/a.
3.1.4. U-Pb Detrital Zircon Geochronology
U-Pb detrital zircon dating was applied to obtain maximum depositional ages and
analyze provenance of ancestral Rio Grande sediment in different reaches of the river at
different stages of drainage evolution. Ancestral Rio Grande fluvial deposits contain
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detrital zircons from multiple crystalline sources as a result of numerous magmatic,
volcanic, and tectonic episodes in the southern Rocky Mountain region, in addition to
erosion of older Santa Fe Group sediment and mixing by confluence of tributary
drainages into the main-stem Rio Grande. Sediment age can be diagnostic of sediment
source, and therefore we can determine the timing of drainage integration events based on
the addition of various zircon ages to the river sediment load.
Seventeen detrital mineral samples were collected from ancestral Rio Grande
fluvial sediment in various reaches of the river from the southern San Luis Basin to the
Palomas Basin, and ranging in age from ~5 Ma to modern sediment. Two detrital mineral
samples were collected from ancestral Rio Chama sediment that were deposited at ~8 Ma
and 0.64 Ma in the western Española Basin. All detrital zircon samples included in this
study were prepared and analyzed using standard protocol at the Arizona Laserchron
Center in Tucson (see Gehrels, 2011 for laboratory procedures). To thoroughly
characterize the provenance of a fluvial deposit, all ages within a population of detrital
zircons from the deposit must be determined (Thomas, 2011), so we dated ~300 zircons
from most sand samples. The 206Pb/238U age is reported for <1.2 Ga analyses while the
206

Pb/207Pb age is reported for >1.2 Ga zircon grains because the 206Pb/238U ages are more

precise for younger systems and 206Pb/207Pb ages are more precise for older systems
(Gehrels, 2011).
To test the Lake Alamosa spillover hypothesis, we collected numerous detrital
mineral samples from late Pleistocene Rio Grande terraces. The age of the oldest
ancestral Rio Grande deposit to contain San Juan detritus provides a minimum constraint
on timing of the upper San Luis basin integration event; the age of the youngest deposit
25

that does not contain San Juan detritus provides a maximum constraint on timing of the
integration event. One problem that arises when evaluating the zircon age probability
data is that the San Juan volcanic field and the Latir volcanic field both experienced
caldera eruptions at 28.20±0.05 Ma (Fish Canyon Tuff) and 28.22±0.05 Ma (Tetilla Peak
Tuff), making it impossible to distinguish the two different sources using U-Pb zircon
dating alone. To resolve this issue, a more precise dating method, such as 40Ar/39Ar
geochronology or mineral compositional data is needed. Pilot data is presented that
employs 40Ar/39Ar geochronology to determine the ages of sanidine grains from the same
detrital samples that yielded the zircon ages, as discussed below.
3.1.5.

40Ar/39Ar

detrital sanidine geochronology

The 40Ar/39Ar method was used to date single sanidine grains extracted from 6 of
the 12 detrital zircon samples to distinguish sediment sources of grains that are dated
within <1 Ma of each other. The high precision of sanidine dating and the large database
of precise ages of regional caldera eruptions (e.g. McIntosh et al., 1992; Lipman, 2007;
Zimmerer and McIntosh, 2012), allow us to pinpoint exact provenance areas of fluvial
sediment. Sanidine dating was performed at the New Mexico Geochronology Research
Laboratory. Feldspar was separated from the sand samples using heavy liquid mineral
separation, and ~100 individual sanidine grains were chosen from the lighter separate for
40

Ar/39Ar analysis. Selected sanidine grains were irradiated at the USGS TRIGA reactor

in Denver, CO. Ages were obtained by single crystal laser fusion with a CO2 laser and
measured on an ARGUS VI noble gas mass spectrometer.
An ancestral Rio Grande with Red River headwaters in the Sangre de Cristo
Mountains (Wells et al., 1987) will have transported sediment containing volcanic
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sanidine from the Amalia Tuff caldera eruption of the Latir volcanic field, which yields a
mean age of 25.23 Ma (Zimmerer and McIntosh, 2012). At the time the Red
River/ancestral Rio Grande captured drainage from the San Luis Valley, the river will
have begun to incorporate into its sediment load volcanic sanidine derived from the San
Juan Mountains that are distinctly older than the Latir field and have sanidine from well
dated ignimbrites between 28 and 36 Ma (i.e. Bachman et al., 2007).
Improved geochronology on the interactions between river incision and Taos
Plateau volcanism and first ever detrital zircon and sanidine provenance studies of Rio
Grande alluvium provide new data points from which we can more accurately constrain
the timing of Rio Grande drainage integration. Interpretation of these results in concert
with the wealth of existing data presented in section 2 has resulted in a new synthesis of
the integration history of this major river system and quantification of interactions
between tectonic, climatic, and geomorphic processes in the northern Rio Grande riftsouthern Rocky Mountain region.
3.2. RESULTS
3.2.1. Samples analyzed
Nineteen samples of coarse fluvial sediment from the RG-RC system have been
studied using U-Pb detrital zircon geochronology, and of these 19 samples, five have
been studied using 40Ar/39Ar detrital sanidine geochronology. Location information and
detailed descriptions of these samples are provided in Table 1. Sediment source regions
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key to this study include the San Juan volcanic field, Latir volcanic field, and southern
Rocky Mountain basement uplifts.
Sample A is modern Rio Grande sediment, sample B is modern Red River
sediment, and samples C-G are from RG-RC deposited dated at 640 ka or younger.
Ancestral Rio Grande sediment sampled from the Taos Plateau volcanic field in the
southern San Luis Basin include sections of sand and gravel preserved beneath and
between Servilleta basalt flows that record interactions between volcanism and the
ancestral Rio Grande for more than three million years. Samples collected from this
region include detrital mineral samples 01-06 and 19 new basalt samples that help
constrain timing of sediment deposition. Likewise, samples 07 and 08 are from sediment
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Table 1. Detrital mineral samples from ancestral to modern Rio Grande-Rio Chama system alluvium.

preserved beneath basalt flows of the Cerros del Rio and Caballo Volcanic Fields,
respectively. Sample 09 represents the earliest ancestral Rio Grande in the Engle-Palomas
basin.
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3.2.2. River profile analysis
The Rio Grande long profile (Fig. 6, 4x vertical exaggeration) shows the gradient
of the river as it flows from its steep, mountainous reaches in the San Juan Mountains to
its gentle, alluvial reaches through the Gulf Coastal Plain near its terminus at the Gulf of
Mexico. The profile reveals at least seven prominent knickpoints and knickzones (labeled
A-H on Fig. 6). Table 2 lists knickpoints A-H and provides an interpretation for each.
Figure 6 also shows major tributary profiles, the nearby rim of the Rio Grande
gorge/valley, important geomorphic surfaces, such as the Llano de Albuquerque, and
volcanic features. Note that the Rio Chama has a smooth, concave-up profile, whereas the
northern Rio Grande has a prominent knickzone (labeled ‘A’). Several small knickpoints
occur at the mouths of bedrock canyons and where dams have detained significant
amounts of sediment, while several other knickpoints may be a result of downstream
drainage integration events.
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longitudinal profiles of important tributaries. Elevation profiles along the canyon/valley rims are shown where the river has incised deeply into bedrock.

Figure 6. Longitudinal profile of the Rio Grande (thick blue line) from its headwaters in the San Juan Mountains to the Gulf of Mexico. Thinner blue lines are
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Table 2. Summary of knickpoints observed on the Rio Grande longitudinal profile (Fig. 6).

3.2.3.
40

40Ar/39Ar

Basalt Ages for the Taos Plateau Volcanic Field

Ar/39Ar ages and analytical data reported here (Appendix A) originate from

several sources: (1) new data strategically collected to constrain the ages of underlying
river gravel deposits and to reconstruct paleogeography, (2) an unpublished M.S. thesis
(Appelt, 1998) that aimed to develop 40Ar/39Ar geochronology for the Taos Plateau
volcanic field, and (3) publications and abstracts that report several ages key to
understanding volcanic activity on the Taos Plateau and its relation to the ancestral Rio
Grande (Koning et al., 2011; Thompson et al., 2012; Koning et al., 2013; Cosca et al.,
2014; Koning et al., 2016). Ages are reported at 2-sigma uncertainty relative to the
28.201 Ma FC-2 standard and 40K total decay constant of 5.543e-10/a. Age, location, and
analytical data for 40Ar/39Ar basalt analyses are reported in Appendix A. 40Ar/39Ar basalt
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ages reported in the Appelt (1998) thesis were calculated relative to the 27.84 Ma FC-1
standard. Results are presented from upstream to downstream in the following sections.
3.2.3.1. Old State Bridge, Colorado
Appelt (1998) reported an age normalized to 3.77±0.11 Ma for a basalt flow at the
northern end of the Rio Grande Gorge near the Old State Bridge (sample RA-072), which
is our only available basalt age for the Taos Plateau volcanic field in Colorado. Here, the
Rio Grande has only incised about 10 m into the basalt, whereas the river has carved up
to 200 m into the Taos Plateau volcanic field in the Taos Gorge of New Mexico farther
downstream.
The age spectra generated from step heating sample RA-72 yielded apparent ages
that increase with increasing temperature, and no contiguous heating steps. Apparent ages
for the last four steps representing ~5% of the cumulative 39Ar released were significantly
older than the other heating steps, which explains the older total gas age of 4.22±0.08
Ma. After removing the four old apparent ages from the isochron, the edited isochron age
becomes 3.77±0.11 Ma, which is our preferred age.
3.2.3.2. La Junta Point
At the Red River confluence, river incision has exposed roughly 100 m of section
where Dungan et al. (1984) identify two distinct basalt packages separated by up to 5 m
of sandy sediment containing coarse, rounded cobbles, which we interpret to be derived
from the ancestral Red River. Below this basalt section is a dacite intrusion. We report
four new basalt ages dated in this area (samples MR15-11, MR15-13, MR15-14, and
MR15-15, where MR15-15 is the basal basalt flow and MR15-11 is the uppermost basalt
flow exposed in the section. MR15-11 has a plateau age of 3.43±0.08 Ma, defined by ten
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contiguous steps that represent 50.5% of the total 39Ar released from the sample. The age
spectrum for sample MR15-13 yields a plateau age of 4.85±0.03 Ma, which is defined by
ten contiguous heating steps that represent 72.6% of the total 39Ar released. Sample
MR15-14 yields an age spectrum with a plateau age of 4.79±0.08 Ma, defined by ten
contiguous steps representing 70.8% of the total 39Ar released, and the age spectrum for
sample MR15-15 has a plateau age of 4.93±0.03, defined by nine contiguous steps
comprising 71.2% of the total 39Ar released. Isochron ages for these samples are
concordant within analytical uncertainty with the plateau ages and have MSWDs less
than 3.4. The middle two basalt samples are not in agreement with their stratigraphic
position, but the ages of are 4.85±0.03 and 4.79±0.08 Ma within analytical uncertainty.
3.2.3.3. Dunn Bridge Section
The Dunn Bridge crosses the Rio Grande at the Hondo River confluence, and this
location exposes a stack of three basalt flow packages that range in age from 4.40±0.02 to
2.97±0.14 Ma based on five samples dated by Appelt (1998). Thick (up to 10 m), coarse
sediment packages are preserved between basalt flows at the Dunn Bridge section, some
of which has been identified as ancestral Rio Grande sediment.
Sample RA-027 is the basal basalt flow exposed here, and the age spectrum yields
a plateau age of 4.39±0.02 Ma based on eight heating steps that represent 83% of the total
39

Ar released form the sample. Sample RA-117 is an additional sample of the basal basalt

flow, and it yields a plateau age of 4.27±0.02 Ma, defined by seven steps representing
92.6% of the total 39Ar released. The edited isochron age is concordant within analytical
uncertainty of the plateau age. Overlying sample RA-028 yields a plateau ago of
3.97±0.05 Ma, defined by nine heating steps that comprise 76.2% of the total 39Ar
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released. The edited isochron age is concordant within analytical uncertainty, and has a
MSWD of 13.82. Sample RA-029 represents the uppermost basalt flow in this section
and has a preferred age of 2.59±0.18 Ma, derived from an isochron with a MSWD of
0.76. The age spectrum for this sample yields no plateau, and the total gas age is
significantly higher than the isochron ages. The last sample at the Dunn Bridge section is
RA-30, for which the preferred age is 2.97±0.14 Ma, defined by an edited isochron with a
MSWD of 3.65 for nine data points. The plateau age determined for this sample was
defined by only three contiguous steps, each with relatively high age uncertainty.
3.2.3.4. Gorge Bridge Section
The only ancestral Rio Grande sediment exposed in the vicinity of the Rio Grande
Gorge Bridge sits on top of the youngest basalt flow in the section, which has no
minimum age constraint. However, the thickest known section of Servilleta basalt is
exposed here, which provides insight to the timing and volume of basalt emplacement.
Over thirty basalt flows accumulate to a total thickness of over 200 m, and Cosca et al.
(2014) estimate that each flow package represents emplacement of 200 km3 of basalt onto
the Taos Plateau based on areal extent. The thickness of basalts here relative to the rest of
the Taos Plateau suggest that this was the topographic low during early basaltic
volcanism. Six ages for basalts 1.6 km south of the Gorge Bridge were analyzed by
Appelt (1998) and range in age from 4.87 ± 0.03 Ma (basal flow) to 3.16±0.13 Ma (upper
flow), with no distinct breaks in volcanic activity, and at most 0.66 Ma between events.
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Cosca et al. (2014) reported eight new ages for a nearby section ranging from 4.78±0.03
Ma (basal flow) to 3.59±0.08 Ma (upper flow).
Samples dated by Appelt (1998) include RA-129, which yielded a plateau age of
4.74±0.04 Ma defined by four contiguous heating steps comprising 58.2% of the total
39

Ar released from the sample. The isochron age of 4.72±0.02 Ma is concordant within

analytical uncertainty. Sample RA-131 has a plateau age of 4.81±0.03 Ma four
contiguous heating steps that released 80.8% of the total 39Ar in the sample. Sample RA132 yields a plateau age of 4.03±0.03 Ma defined by all nine heating steps that represent
100% of the total 39Ar released. The isochron age of 4.01±0.01 Ma is concordant within
analytical uncertainty and has a mean standard weighted deviation (MSWD) of 2.95. The
plateau age for sample RA-133 is 3.27±0.12 Ma, defined by six contiguous steps
comprising 64.4% of the total 39Ar released. The isochron age was slightly younger, but
was defined by a tight clustering of data points with low 40Ar/39Ar ratios, and so the
plateau age is the best age for this sample. We report an edited isochron age of 3.65±0.03
Ma for sample RA-135, which has a MSWD of 6.29. The plateau age was rejected
because it has greater uncertainty. The last sample in the Gorge Bridge section is RA136, which yielded both a plateau age and an edited isochron age of 3.16±0.13 Ma. The
plateau is defined by four contiguous steps representing 59.9% of the total 39Ar released
from the sample, and the edited isochron has an MSWD of 3.44.
3.2.3.5. Pilar Mesa
Three distinct basalt flows at Pilar Mesa are represented by sample MR15-04,
which is south (footwall) of the Embudo fault, and samples MR15-05 and MR15-07,
which are north (hanging wall) of the sinistral/north-down oblique-slip fault (Kelson et
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al., 2004). The 40Ar/39Ar age spectrum for sample MR15-04 yields a plateau age of
3.48±0.12 Ma, defined by thirteen contiguous heating steps representing 100% of the
39

Ar released from the sample during analysis. Sample MR15-05 has a plateau age of

3.09±0.1 Ma defined by an age spectrum with eight contiguous steps that represent
89.9% of the total 39Ar released, and excludes two anomalously high apparent age steps
that reveal excess 40Ar relative to 39Ar. The age spectrum for sample MR15-07 yields a
plateau age of 3.36±0.06 Ma, defined by all thirteen heating steps comprising 100% of
the 39Ar released.
3.2.3.6. Rinconada
Near the town of Rinconada, New Mexico the Rio Grande carves a valley where
Servilleta basalt comprises the west valley wall and Precambrian rock of the Picuris
Mountains is exposed on the eastern wall of the valley. Appelt (1998) dated two basalt
flows exposed here at 3.43±0.32 and 2.85±0.13 Ma, the latter of which is the youngest
age obtained for the Servilleta basalt. Just south of here we report two additional ages at
4.659±0.014 (MR15-Embudo-1) and 4.65±0.04 Ma (MR15-Embudo-5).
Isochron ages are reported for both samples RA-060 and RA-061. RA-060 has an
isochron age of 3.43±0.32 Ma fitted to nine data points with a MSWD of 1.40. Sample
RA-061 has an isochron age of 2.85±0.13 Ma for nine data points with a MSWD of 2.82.
3.2.3.7. Black Mesa-La Mesita Area
The basalts capping Black Mesa and La Mesita also cap ancestral Rio Grande
fluvial sediment, so the ages of the basalts provide excellent age constraint for timing of
the birth of the river system. Previous ages reported for these basalts include 3.53±0.25
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Ma and 3.34±0.32 Ma for northern and southern tips of Black Mesa, respectively, and
4.84±0.30 Ma for the footwall of the La Mesita fault on La Mesita (Koning et al. 2011,
2013). New basalt samples collected from Black Mesa include MR15-01, MR15-BMSE3, MR15-BMSE-4, and MR15-BMSE-5. The 40Ar/39Ar age spectrum for sample MR1501 yields a plateau age of 4.511±0.028 Ma, defined by twelve of thirteen total age steps
that represent 95.6% of the total 39Ar released. The remaining samples yield plateau ages
of 3.9±0.06 Ma, 4.06± 0.12, and 4.685± 0.03, respectively. New ages of basalts capping
La Mesita are 3.45±0.12 Ma for the top flow on the footwall of the La Mesita fault, and
4.92±0.22 and 3.58±0.08 Ma for the basal and top flows on the hanging wall of La
Mesita, respectively.
3.2.4. Detrital zircon and sanidine analysis
As background for presentation of detrital mineral spectra, we first summarize the
rocks exposed in the drainage basins and their respective zircon and sanidine ages.
Primary sediment sources for the modern Rio Grande include Proterozoic basement,
dominated by 1.70 Ga and 1.40 Ga grains. Paleozoic and Mesozoic sedimentary rocks are
preserved in parts of the Rio Chama and Rio Grande drainages. Widespread felsic
volcanic sources include the 37-27 Ma San Juan volcanic field, 28-24 Ma Latir volcanic
field, 1.6 and 1.2 Ma Bandelier Tuff of the Jemez volcanic field, and the 36.2-27.4 Ma
Mogollon Datil volcanic field in southern New Mexico. Detrital sanidine ages are precise
enough to link individual sanidine grains in the sediment samples to specific caldera
eruptions within the felsic volcanic fields. Santa Fe Group sediment can contain a small
percentage of reworked grains from these source areas as well. Zircon and sanidine ages
associated with these source units are summarized in Appendix B.
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Figure 7a. Generalized map of the Rio Grande rift region showing locations of detrital mineral samples 1-9; dashed
and dotted lines delineate the Rio Grande rift and its sub-basins; blue lines depict modern drainages. Detrital zircon
age-probability histograms (gray bars) and probability density functions (black curves) show the distribution of
zircon ages for each sample. Detrital sanidine probability density functions (red curves) overlay the detrital zircon
data, where available, for more fine-tuned provenance.
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3.2.4.1. Ancestral Rio Grande-Rio Chama system (5 to 1 Ma)
We present U-Pb detrital zircon

ages (~300 dated grains per sample)
for nine samples that directly underlie
or overlie 5 to 1 Ma dated volcanics
(Fig. 2). 40Ar/39Ar detrital sanidine
ages (~25 dated grains per sample)
were acquired for five of the nine
samples for which differentiation
among zircon sources could be

Figure 7b. Generalized map of the Rio Grande rift region
showing locations of detrital mineral samples 10-12.

improved by higher precision ages. Age-frequency histograms and probability density
functions are plotted together on the same graph for each sample in Figure 7. Histograms
use a bin-width of 1 Ma for the young grain (0-100 Ma) plots and a bin-width of 5 Ma for
the entire age spectrum (0-3000 Ma) plots. These plots are arranged upstream to
downstream. Detrital zircon spectra are in black; detrital sanidine spectra are in red.
Additionally, Table 3 shows the age distributions as percentages of the total number of
zircons analyzed per sample.
Sample 01 is from the ancestral Red River. It was sampled from the Red
River Gorge ~1 km upstream from the modern confluence of the Red River with the Rio
Grande. The sediment is characterized by poorly-sorted, round to sub-angular cobbles
~5-30 cm in size. Roughly two-thirds of the cobbles are felsic, sanidine-rich porphyritic
rocks, such as the Amalia Tuff, while the remaining third of the cobbles are either
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mylonitic quartzite, bull quartz, or foliated granite. This sediment was deposited on top
of Servilleta basalt dated at 4.850±0.015 Ma, and is overlain by a 3.43 ± 0.03 Ma basalt
flow. The detrital zircon age spectrum is dominated by peaks at 28 Ma, 25 Ma, and 22
Ma. 38% of the zircon grains are 27-20 Ma, many within analytical uncertainty of the
25.39±0.04 Ma Amalia Tuff. 28% of the zircons are 40-27 Ma, which may include
detritus from the 28.25±0.05 Ma Tetilla Peak Tuff of the Latir volcanic field and/or from
the 28.20±0.05 Ma Fish Canyon Tuff of the San Juan volcanic field.
Sample 02 was collected from ancestral Rio Grande fluvial sediment preserved
between 3.92 Ma and 2.93 Ma Servilleta Basalt on the western face of the Rio Grande
Gorge at the Rio Hondo confluence. This part of the gorge is on the hanging wall of the
Dunn fault, and is dropped down relative to the surrounding landscape. The deposit
Table 3. Detrital zircon U-Pb age distributions for ancestral Rio Grande-Rio Chama fluvial sediment
samples.

ID

N

<20
Ma

2720
Ma

4027
Ma

14540
Ma

201145
Ma

252201
Ma

541252
Ma

850541
Ma

1300850
Ma

15351300
Ma

18001535
Ma

>1800
Ma

01

98

1%

38%

28%

0%

1%

0%

1%

0%

1%

0%

31%

0%

02

313

1%

17%

35%

4%

4%

1%

2%

1%

2%

5%

23%

5%

03

297

1%

8%

8%

3%

8%

5%

4%

3%

11%

13%

34%

3%

04

295

2%

9%

10%

9%

10%

4%

3%

1%

10%

15%

21%

4%

05

305

1%

4%

7%

9%

10%

5%

5%

1%

15%

15%

20%

8%

06

318

2%

7%

10%

7%

8%

3%

3%

0%

8%

15%

33%

2%

07

316

0%

1%

10%

5%

4%

1%

14%

3%

9%

21%

30%

3%

08

311

0%

1%

10%

6%

8%

2%

6%

4%

13%

14%

32%

4%

09

300

0%

1%

10%

5%

7%

2%

9%

3%

19%

12%

24%

7%

10

316

1%

2%

8%

6%

3%

3%

2%

16%

8%

21%

28%

3%

11

289

0%

8%

5%

9%

11%

4%

3%

2%

12%

15%

26%

4%

12

393

3%

55%

16%

2%

1%

2%

0%

0%

2%

5%

12%

2%
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consists of 10 m of moderately-sorted, medium-coarse sand, pebbles, and cobbles up to
20 cm diameter. The composition of these cobbles is mainly felsic volcanics, quartzite,
and granite derived from both local and distant sources. A slight imbrication in the
outcrop indicates a southward paleocurrent direction. The sediment was collected about
one meter below a 2.93±0.14 Ma Servilleta Basalt flow (Appelt, 1999). The detrital
zircon fingerprint is bimodal, with peaks at 27.6 Ma and 1719 Ma. 35% of the zircons in
this sample are 40-27 Ma; 17% are 27-20 Ma.
Sample 03 is from an ancestral Rio Grande alluvial deposit overlain by a
4.659±0.014 Ma basalt flow on the west side of the Rio Grande Gorge near Rinconada,
NM. The outcrop consisted of interbedded coarse, cross-bedded sand and round to subangular cobbles. Clast counts reveal that the cobbles consist of 11% quartzite, 58%
tertiary volcanic rock, 14% vein quartz, 13% phyllite, and 4% granite (Koning et al.,
2016). Early Pliocene microfauna fossils and a basalt cobble dated at 4.52±0.08 Ma
within the deposit, which constrains the depositional age to 4.5 Ma. The detrital zircon
age spectrum reveals age peaks at 22 Ma, 27 Ma, 35 Ma, 169.5 Ma, 1420 Ma, and 1700
Ma. 8% of the zircons are 27-20 Ma, and an additional 8% are 40-27 Ma. Detrital
sanidine age peaks are 34.06, 25.9, and 19.8 Ma, which represents a mix of both San Juan
and Latir volcanic field sources.
Sample 04 consists of fluvial sand underlying the basal basalt flow on the
northeast side of Black Mesa, approximately 284 m above the modern river near Embudo
Station, NM. Here, a displaced landslide block uncovered a section of fluvial sediment
composed of rounded pebble to cobble size gravel clasts interbedded with mediumcoarse, cross-bedded sand. The basalt flow overlying the sediment is dated at 3.90±0.06
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Ma. The youngest detrital zircon in this sample is 4.9±0.1 Ma, which brackets the
deposition of this sediment between 4.9 and 3.9 Ma. Prominent detrital zircon age peaks
are at 22 Ma, 25.5 Ma, and 28 Ma. Smaller age peaks are at 95.2 Ma, 169.5 Ma, 1420
Ma, and 1700 Ma. Detrital sanidine age peaks are at 19.56, 28.99, and 34.8, which reflect
sediment inputs from the San Juan volcanic field.
Sample 05 is from a coarse sand and gravel deposit beneath the basal basalt flow
on the north (downthrown) side of the Embudo fault at La Mesita, which was dated at
4.92±0.11 Ma. Several large (>10 cm diameter), sub-angular to sub-rounded quartzite
clasts are embedded in a cross-bedded sand that directly underlies the lowest basalt flow
at this location. The detrital zircon age spectrum for this sample is dominated by peaks at
11 Ma, 22 Ma, 27 Ma, 35 Ma, 96 Ma, 1100 Ma, 1420 Ma, and 1700 Ma.
Sample 06 represents early Pliocene ancestral Rio Grande sediment from the west
side of Black Mesa, which is overlain by a 4.511±0.028 Ma basalt flow. The sediment is
characterized by poorly-sorted, rounded to sub-rounded, sand to cobble clasts with an
imbrication indicative of south-southeast paleoflow. Clast counts at this site reveal a
composition of 65% quartzite, 7% Paleozoic sandstone and limestone, 8% whitish to
pinkish granite, and 6% felsic to intermediate volcanic rocks, with minor components of
phyllite and mafic rocks (Koning et al., 2011). The detrital zircon age spectrum of this
sample has prominent peaks at 11 Ma, 22 Ma, 28 Ma, 17.88 Ma, 36.2 Ma, 97.5 Ma, 1420
Ma, and 1700 Ma. Only 2% of the sample falls within analytical uncertainty of the
Amalia Tuff, while up to 10% of the sample could have been derived from the San Juan
volcanic field. Detrital sanidine age peaks at 25.4, 28.72, and 35.48 reflect both Latir
volcanic field and San Juan volcanic field sediment contributions.
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Sample 07 represents the Totavi Lentil (ancestral Rio Grande in the Jemez volcanic
field) that is preserved beneath 2.6 Ma basalt flows of the Cerros del Rio volcanic field,
~1 km northwest of the modern Rio Grande in Ancho Canyon. The largest peak in the
detrital zircon age spectrum of sample 07 is 28.6 Ma. Other prominent peaks are at 35.4
Ma, 67.4 Ma, 535 Ma, 1430 Ma, and 1670 Ma. Only two grains in the sample are within
analytical uncertainty of the 25.39 ± 0.04 Ma Amalia Tuff, while 28 grains fall within
uncertainty of the 28.2 ± 0.05 Ma Fish Canyon Tuff of the San Juan volcanic field.
Sample 08 consists of coarse fluvial sand from an ancestral Rio Grande deposit
underlying 2.9 Ma basalt (Bachman and Mehnert, 1978) at Mitchell Point, just north of
the Elephant Butte reservoir in the Engle-Palomas Basin in southern New Mexico. Age
probability peaks are 3.58 Ma, 25.4 Ma, 35.8 Ma, 68 Ma, 92 Ma, 165 Ma, 1433 Ma and
1698 Ma. Only two zircons are within analytical uncertainty of the Amalia Tuff and only
two zircons fall within error of the Fish Canyon Tuff.
Sample 09 was collected from sediment belonging to the axial facies of the
Palomas Formation (Santa Fe Group), which documents the earliest arrival of the Rio
Grande in southern New Mexico (Mack et al., 2006). An outcrop of this sediment exists
at the USGS vertebrate locality M-1481, which is on the northwestern side of highway I25, approximately 2 km southwest of the overpass at the north exit to Truth or
Consequences (Repenning and May, 1986). Paleofauna fossils discovered at this site best
correlate to the Nunivak subchron of the Gilbert chron (Repenning and May, 1986),
which occurred from 4.64 Ma to 4.47 Ma (Baksi, 1995). The axial facies of this
formation consists of medium to coarse arkosic sand, which was sampled from the lower
one-third of the section exposed along I-25. Fluvial features within the outcrop include
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medium-scale cross-bedding, pebble-rich horizons, and calcite-cemented horizons. The
detrital zircon age spectra for this sample exhibit age peaks at 28 Ma, 33 Ma, 166 Ma,
1100 Ma, 1380 Ma, and 1680 Ma. Jurassic-Cretaceous zircon and Silurian-OrdovicianCambrian zircon is abundant. The largest Precambrian peak is 1680 Ma. Large detrital
sanidine age peaks are 32.3 and 34.22 Ma.
Sample 10 represents the Totavi Lentil conglomerate that underlies the 1.6 Ma Otowi
Member of the Bandelier Tuff in Water Canyon, ~1.7 km northwest of the Rio Grande in
the Jemez Mountains of northern New Mexico. The detrital zircon fingerprint of MR15Water is characterized by a major age peak at 28.5 Ma and lesser peaks at 3.8 Ma, 21.5
Ma, several Late Mesozoic-Early Cenozoic peaks, 519 Ma, 1435 Ma, and 1683 Ma.
Kelley et al. (2013) described ancestral Rio Chama fluvial sediment belonging to the
Hernandez member of the Santa Fe Group which underlies a 7.89±0.04 Ma pre-caldera
basalt flow in the northwest Jemez Mountains. Sample 11 consists of coarse, crossbedded, pebbly sand collected directly beneath the lowermost basalt flow capping
Polvadera Mesa (7.89±0.04 Ma La Grulla Andesite), in the northwest Jemez Mountains.
The sand varies from white to red in color, and appears thermally altered as a result of
basalt emplacement. Several coarse, rounded gravel clasts can be found near the base of
the exposure. A major detrital zircon age peak in the sample sits at 22.5 Ma. Less
prominent peaks include those at 96, 168, and 226 Ma, with the ubiquitous Precambrian
peaks at 1105 Ma, 1419 Ma, and 1704 Ma. Five percent of the sample contain Amalia
Tuff-aged grains. Twenty-five percent of the sample consists of Permian to Cretaceousaged grains, which is characteristic of the rock units in the headwaters of the Rio Chama
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in northwestern New Mexico. Of the Precambrian grain population, the highest age
probability peak is at ~1680 Ma.
Sample 12 is from a 1.6 Ma Rio Chama terrace (Q1 of Gonzalez and Dethier,
1991 and Dethier and Reneau, 1995; Q9 of Newell et al., 2004). The youngest detrital
zircon in this sample is 1.1±0.03 Ma, which provides a maximum depositional age of 1.1
Ma. The detrital zircon age spectrum has prominent age peaks at 20-22 Ma and 25 Ma.
Two small Precambrian populations are about 1420 and 1730 Ma.
3.2.4.2. Late Pleistocene to modern Rio Grande- Rio Chama system (640 to
0 ka)
An important method for understanding detrital grain spectra for paleorivers is to
compare them to spectra from modern systems (e.g. Kimbrough et al., 2015). Detrital
zircon data were collected for Late Pleistocene Rio Grande terraces (samples A-G, Fig.
8): 3 dated at 640 ka based on the presence of Lava Creek B ash in the terraces, and 3
modern sediment samples. These data are reported in Repasch et al. (2016), and briefly
summarized here and in Figure 9. These age spectra highlight the major differences
between Rio Chama and Rio Grande fluvial sediment, and also allow comparison
between Rio Grande sediment deposited before and after the spillover of Lake Alamosa.
Sample A is a medium to coarse-grained sand collected from the channel bed of
the modern Rio Grande approximately 1 km upstream of the Rio Grande-Red River
confluence. Its detrital zircon fingerprint therefore characterizes the modern drainage
configuration with the river fluvially integrated with the San Juan Mountains. 51% of the
grains are 27-30 Ma, 5% fall into the 23-26 Ma range of the Latir Volcanic Field. The
main peak mean of 28.6 Ma is within analytical uncertainty of the 28.2 Ma Fish Canyon
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tuff. Paleoproterozoic grains range from 1600 Ma to 1775 Ma, and there is a small
Mesoproterozoic peak at 1409 Ma.
Sample B is from medium-grained sand in the channel bed of the modern Red
River ~3 km upstream of the Rio Grande confluence. More than 80% of the zircon in this
sample is 23-30 Ma. The other 20% contains Proterozoic grains from the 1700-1450 Ma
granites and 1800-1720 Ma volcanogenic rocks from the Taos Range. 49% of the zircon
is 23-26 Ma, with a population mean of 25.5 Ma, which is within analytical uncertainty
of the Amalia tuff from the Latir volcanic field. 8% of the zircon is 29-33 Ma. Detrital
sanidine data for this sample is plotted together with the detrital zircon age distribution
(N = 265) for grains ranging from 0 Ma
to 40 Ma. Because of the higher
precision, the detrital sanidine age
distribution reveals multiple peaks
within the broad detrital zircon age peak
(Fig. 9). The most prominent age peak
is 24.72, and smaller peaks are 26.72,
27.52, 27.84, and 29.36 Ma.
Sample C was collected from a
~30 ka Rio Chama terrace (Qtc7 of
Koning et al., 2004). We view this
sample as representative of the young
Rio Chama basin drainage configuration
prior to influences of modern dams. The

Figure 8. DEM basemap used to show the locations
of young (<640 ka) ancestral Rio Grande-Rio Chama
detrital mineral samples. TPVF = Taos Plateau
volcanic field, LVF = Latir volcanic field, JVF =
Jemez volcanic field, CdRVF = Cerros del Rio
volcanic field. See Figure 2 caption for additional
explanation.
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sample is a medium-coarse sand collected from one of the lowermost Rio Chama
terraces. Gravel clasts in this sample are coarse, well-rounded quartzite, granite,
intermediate to felsic volcanic rocks, and basalt with a small percentage of PaleozoicMesozoic sandstone (Koning et al., 2004). The full detrital zircon age spectrum reflects
all known rock ages in New Mexico, with dominant zircon age peaks at 24.8, 34.1, 74.6,
96, 168, 1180, 1438, and 1692 Ma.
Sample D consists of coarse sand from a late Pleistocene ancestral Rio Embudo
terrace estimated to have been deposited at ~50 ka based on its 15 m height above the
modern channel (Koning, personal communication). This terrace was sampled to
characterize sediment inputs from the Rio Embudo catchment in the Picuris and southern
Sangre de Cristo Mountains. The detrital zircon spectrum is dominated by two prominent
peaks, one at 22.3 Ma, and the other at 1704 Ma. Additionally, there are smaller age
peaks at 27.4 Ma and 1408 Ma. The 22.3 Ma peak is the center of a broad population
spanning 19-25 Ma, which reflects reworking of the Picuris Formation, which was
largely sourced from the Latir volcanic field (Aby et al., 2004).
Sample E consists of coarse-grained sand collected from a Rio Grande terrace
(Qtr1of Koning and Manley, 2003) near San Juan Pueblo, approximately 7.5 km
northeast of the Rio Grande‒Rio Chama confluence. The terrace is predominantly clast
supported with lenses of medium- to coarse-grained sand, and the gravels are
predominantly rounded to sub-rounded quartzite, amphibolite, granite, and basalt with
some Paleozoic sedimentary rocks present. The Qtr1 strath sits ~90 meters above the
modern Rio Grande. Koning and Manley (2003) suggested an age ranging from 250-350
ka for this terrace based on amino-acid ratio chronology data reported by Dethier and
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Reneau (1995) for Rio Grande terraces at similar elevations above the modern river
channel. If this age constraint is correct, this terrace was formed by the Rio Grande after
the proposed ~430 ka spillover of Lake Alamosa and this sample may provide a
minimum age bracket for the drainage capture event. If upper San Luis basin zircon
populations are dominant relative to those sourced in the Red River drainage, this sample
would reflect direct sediment connectivity to the modern headwaters in the San Juan
Mountains in Colorado, or reworking of the Esquibel and Conejos Formations in the
Tusas Mountains (Butler, 1971; Manley and Wobus, 1982; Aby et al., 2010). Three peaks
at 23, 28, and 35 Ma dominate the age spectrum. Relative to the Rio Chama terrace, there
are very few Paleozoic and Mesozoic grains. Precambrian age peaks are 1694, 1430, and
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1100 Ma, which arise mainly from sediment inputs from the Needle, Picuris, and Sangre
de Cristo Mountains.
Sample F is from 640 ka ancestral Rio Grande gravels (Lomatas Negras
Formation) in the oldest inset terrace deposit of the incising Rio Grande in the
Albuquerque basin (Connell et al., 2007). It is nicely exposed in an active gravel quarry
4.5 km west of and approximately 65 m above the modern Rio Grande channel. Gravel
clasts in this terrace are composed of quartzite, granite, and volcanic rocks derived from
northern New Mexico source areas. Timing of terrace formation is constrained by a ~0.5
m thick, well-defined bed of fluvially reworked 640 ka Lava Creek B tephra that is
interbedded with the sand and gravel (Connell et al., 2007). The sample was extracted
from medium-to coarse-grained, cross-bedded sand between moderately well sorted, sub-

Figure 9. Detrital zircon age spectra for young and modern ancestral Rio Grande terraces dated at ≤640 ka.
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rounded to rounded axial river gravel layers containing reworked ash. The detrital zircon
fingerprint of this sample has dominant populations at 0.64, 1.2, 28-36, 92, 1078, 1420,
and 1704 Ma. The 0.64 Ma peak represents the widespread fall of the Lava Creek B ash
at 0.64 Ma, shortly before the Rio Grande deposited this sediment.
Sample G is from a similar-aged Rio Chama terrace (unit Qtc3 of Koning et al.,
2004) where a single bed of reworked Lava Creek B ash constrains the age of the terrace
at ~640 ka. The terrace strath sits 103 m above the modern Rio Chama. The sampled
lowermost part of the deposit is dominantly clast-supported with a gravel composition
similar to that of the younger Rio Chama terrace Qtc7 (Koning et al., 2004). Sample G
was collected from the sandy matrix of this terrace. Major zircon age probability peaks
are at 1.6, 28.7, 97, 170, 1180, 1422, and 1708 Ma.
3.3. INTERPRETATION
3.3.1. River profile morphology
A portion of the relief in knickzone A (Fig. 6) can be attributed to the erosional
resistance of the basalt on the Taos Plateau, however the convex-up profile of the top
surface of the Servilleta basalt on the rim of the Taos Gorge suggests that a knickpoint
existed in the soft Santa Fe Group strata prior to early development of the Taos Plateau
volcanic field. Thus, our interpretation is that the steepest segment of this knickzone was
created when the upper San Luis Basin became fluvially integrated with the lower San
Luis Basin, just pre-dating the emplacement of the oldest Black Mesa basalt flow. If so,
the knickpoint represents a transient wave of incision and the steepest part of this
knickzone (upper Taos Box) has retreated about 100 km within the last 5 Ma at a rate of
20 m/Ma. The shape of the Rio Grande long profile in this region is similar to “double
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concave” profiles observed in the Colorado River (Karlstrom et al., 2011), Little
Colorado River (Karlstrom et al., 2016), Gunnison River (Donahue et al., 2013), Yampa
River (Rosenberg et al., 2014), and Canadian River (Nereson et al., 2013) that are also
interpreted to be disequilibrium profiles adjusting to young perturbations in the system.
Additional knickpoints exist at similar elevations in several of the major tributaries,
which is compatible with propagation of incision transient through the system (Howard,
1994; Whipple and Tucker, 2002). This knickzone therefore represents the upstream
extent of a wave of incision that is passing through the Rio Grande gorge, where the river
downstream of the knickzone has adjusted to the pre-5 Ma perturbation, while the river
upstream is unadjusted (e.g. Cook et al., 2009; Wobus et al., 2006; Crosby and Whipple,
2006; Schoenbohm et al., 2004). Lack of an incisional record upstream of knickzone A
supports the notion that basalt aggradation from 5 to 2 Ma dominated the region above
the knickzone at a time with diminished surface flow.
Downstream knickpoints (Table 2) are less central to this paper, except for
knickpoint D, which is an inflection point in river slope near the Quitman Mountains, at
the outlet of the Hueco Basin, where the downstream section has a steeper slope than
upstream. It is possible that this is a transient knickpoint resulting from base level
lowering when the Rio Grande became fully integrated to the Gulf of Mexico.
Knickpoints E and F are likely bedrock-controlled because they occur approximately
where the Rio Grande exits Santa Elena Canyon and the Lower Canyons of Big Bend
National Park, respectively. Bedrock controlled-knickpoints occur where the river
encounters a lithology that is much more resistant than the lithology downstream. Both
canyons were carved into massively-bedded Cretaceous limestone and dolomite with

52

interbedded with shales that are more resistant than reaches underlain by dominantly
alluvial Santa Fe Group downstream. Knickpoints B, C, G, and H are created by manmade dams.
3.3.2. Interpretation of basalt age data
Basalt age data synthesized in the previous section record “volcanic aggradation”
in which a new, high elevation, basaltic landscape (Taos Plateau) was built in the
southern San Luis Basin from ~4.8 Ma to ~2.6 Ma (Figs. 10, 11). Thompson et al. (2012)
report the duration of Servilleta basaltic volcanism from 5.26 to 3.36 Ma. However, new
ages reported in this study show evidence of basaltic volcanism continuing until
2.61±0.17 Ma near San Antonio Mountain. Although basaltic volcanism dominates the
Taos Plateau volcanic field, intrusive igneous activity was also important. Appelt (1998)

Figure 10. Generalized cross-section of the Rio Grande gorge; basalt flows are labeled with newly
determined 40Ar/39Ar ages, keyed to Tables A1 and A2.
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dated numerous dacite and
quartz latite that range in age
from 5.88±0.18 (sample RA91) to 2.13±0.02 Ma (sample
RA-82). Our compilation of
basalt age data also shows
that Lower, Middle, and
Upper Servilleta basalt
terminology can only be

Figure 11. Age-frequency histogram and relative probability
density function for dated volcanic rocks within the Taos Plateau
volcanic field.

applied to local basalt stacks and not regionally, as suggested by Dungan and others
(1984). The age-frequency histogram in Figure 11 (bin-width of 0.1 Ma) shows that
while more Taos Plateau volcanics fall into three main age groups, volcanism was
continuous throughout the entire period of activity.
A distinctly older age range (4.93-4.79 Ma) for the lower three basalt flows at La
Junta Point relative to the upper basalt flows (3.43 Ma) indicates a 1.5 Ma time gap
before deposition of the younger Servilleta basalt flows. Andesite and dacite volcanism
was active prior to and concurrently with the early basaltic volcanism here (Dungan et al.,
1984; Appelt, 1998), and together precluded Red River drainage, diverting it northward
into the Sunshine Valley, north of Guadalupe Mountain. Buried lake sediments up to 40
m thick overlying basalt flows have been recorded in well logs in the Sunshine Valley.
This lake persisted until the Red River breached its lava dam sometime after 4.79 Ma,
allowing the river to deposit sediment until 3.43 Ma, when additional basaltic eruptions
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Figure 12. Topographic hillshade of the Black Mesa-La Mesita area at the southern end of the
Taos Plateau, showing our geospatial interpretations of post-basalt emplacement river incision (red and
orange lines represent contacts between older and younger basalt flows). Interpretations were made based
on field observations of incisional scarps, aeromagnetic data and interpretations from Koning et al. (2016)
and new 40Ar/39Ar ages (sample locations depicted by red squares). White dashed lines are basalt thickness
isopachs adapted from Dungan et al. (1984). Note that basalt thickness increases toward the modern Rio
Grande valley/Embudo fault trace.

occurred. River gravel deposits overlie the youngest basalts near the Rio Grande-Red
River confluence, but were not sampled for this study.
The Rio Embudo was a larger river at this time because its drainage basin
included areas east of the Sangre de Cristo Mountains. It is likely that the modern
drainage divide formed during the early Pliocene when accelerated movement along the
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Sangre de Cristo fault created much of the relief along the eastern rift flank. Another
important isolated basalt of ~3 Ma found south of the Embudo fault in the Pilar Gorge
indicates that basalt flows, establishment of the Rio Grande, and neotectonic slip on the
Embudo fault were cotemporaneous, such that post-5 Ma fault motion may have
localized the Rio Grande into its present NE-SW trend in the segment from Taos to
Española (Kelson et al., 2004).
Basaltic lava that flowed southwest along the Embudo fault indicates that the San
Luis Basin was (or became) integrated with the Española Basin at the time of basalt flow
emplacement. Mature alluvial trunk stream deposits beneath and interbedded with basalt
flows along the Embudo fault provide earliest evidence for a main stem Rio Grande that
flowed from the southern San Luis Basin to the Española Basin from 4.9 to ~2.8 Ma. Our

Figure 13. Schematic geologic cross-section of northeastern Black Mesa looking northeast.
Younger basalt flows are inset against older basalt flows, and therefore the underlying fluvial sediment
shares the same relationships. The base of the basalt is altered where lava flowed into the ancestral Rio
Grande. Miocene-Pliocene sedimentary units are adapted from the Geologic Map of the Lyden 7.5minute quadrangle (Koning, 2004).
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newly recognized inset relationships among the basalt flows in the vicinity of Rinconada,
Black Mesa, and La Mesita (Figs. 12, 13) over the same ~4.9-2.8 Ma time interval
indicate that canyons and valleys were being carved by the ancestral Rio Grande
beginning ~5 Ma on the edge of Taos Plateau. Figure 12 is a map showing the interpreted
contacts between these temporally distinct basalt flows based on dated basalt flows and
mappable escarpments. Figure 13 is a schematic cross-section of these inset
paleochannels. The inset relationships indicate that bedrock incision into the Taos Plateau
volcanic field began shortly after basalt emplacement, and Rio Grande gorge incision in
the San Luis Basin persisted intermittently from ~5 Ma to present.
3.3.3. Interpretation of detrital mineral age data
The detrital zircons in the modern Rio Grande just above the Red River
confluence (sample A) reflect the modern sediment sources delivered from the San Juan
Mountain headwaters to the Rio Grande. Thus, older river terraces that show different
age populations from the modern sample signify changes in drainage configurations from
the time of deposition to the present. Sample A is most abundant in 1685-1700 Ma
zircons, which are likely derived from the granite and quartzite-rhyolite sequences in the
Taos range of the Sangre de Cristo Mountains. The small 1409 Ma age population may
reflect sediment shed from the Needle Mountains in the Rio Grande headwaters as well
as input from the northern Sangre de Cristo Mountains. Upstream of the tributaries
draining the southern Sangre de Cristo Mountains, the most important sediment source to
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the modern Rio Grande is the San Juan volcanic field, whose 25-35 Ma grains comprise
more than half of this sample.
Modern sample B from the Red River is rich in 23-30 Ma zircons, which are
undeniably derived from the Latir volcanic field in the headwaters of the Red River. 8%
of those grains are 33-29 Ma, which we interpret as zircon ultimately derived from the
San Juan volcanic field that were transported into the Red River drainage basin via eolian
processes or were deposited in Santa Fe Group units preserved in the middle Miocene
strata in the Valle Vidal graben within the Taos Range (Smith, 2004). This detrital zircon
population may reflect erosion and transport of such Santa Fe Group sediment.
The 24.8 Ma detrital zircon age peak in near-modern sample C of the Rio Chama
likely reflects reworking of the Abiquiu Formation immediately upstream of the sample
site, which Smith (2004) and Smith et al. (2002) indicated is rich in Latir volcanic field
sediment. A relatively high frequency of zircon between 28 and 34.1 Ma also reflects
erosion of the San Juan volcanic field. The most dominant population is around 168 Ma,
which reflects zircon eroded out of Jurassic sedimentary units in the Chama basin. A
broad range of Proterozoic through Cambrian zircon is recognized, which likely reflects
recycled grains shed from Mesozoic sandstones in the basin (Dickinson and Gehrels,
2009). The Precambrian populations are prominent and reflect recycled grains from
Needle Mountain volcanogenic rocks and the Tusas Mountain quartzite-rhyolite
successions. These age peaks define the modern Rio Chama sediment sources to include
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essentially all age peaks associated with rocks exposed in New Mexico. This Rio Chama
sediment signature has remained the same for at least the last 8 Ma.
Sample D reveals the sediment sources for the near-modern Rio Embudo, which
should be consistent with the Precambrian rocks exposed in its basin. The 22.8 Ma peak
may be zircon eroded from the Rio Hondo pluton, which was emplaced between 22.8 and
22.6 Ma (Zimmerer and McIntosh, 2012). The 25.3 Ma to 28.6 Ma zircons are likely
eroded from the middle tuffaceous member of the Picuris Formation (Aby et al., 2004).
Some of these grains could also be derived from the 28.2 Ma Tetilla Peak tuff in the
northern Latir Volcanic Field. The Precambrian ages are consistent with the ages of
Precambrian basement exposed in the valley through which the Rio Embudo flows,
including the ~1700 Ma rhyolite-quartzite successions and the ~1400 Ma granite. We did
not observe 1.6-1.5 Ma zircon from the Trampas Group.
The detrital zircons in sample E reveal the 350-250 ka sediment sources of the
Rio Grande, about 100 ka after Lake Alamosa spillover. We interpret the 23, 28, and 35
Ma peaks in the sample to represent sediment from both the Latir and San Juan volcanic
fields, with a more dominant component of San Juan detritus. The large age probability
peak at 28 Ma that is not observed in the 640 ka Albuquerque Basin terrace supports lake
spillover prior to deposition of this terrace, which re-introduced upper San Luis Basin
sediment sources to the Rio Grande system.
Sample F characterizes the sediment sources to the Albuquerque basin at 640 ka,
and may or may not reveal a direct connection between the Rio Grande and the San Juan
Mountains at this time. The 1.2 Ma peak represents the Tshirege (upper) Member of the
Bandelier Tuff, which was deposited by the 1.2 Ma eruption of the Valles Caldera and
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remains the predominant lithology in the Jemez Mountains today. The high proportion of
28-36 Ma zircon suggests fluvial connectivity between the San Juan Mountains and the
Albuquerque basin at 640 ka, and/or reworking of the Esquibel and Conejos Formations
in the Tusas Mountains from the Rio Ojo Caliente (Butler, 1971; Manley and Wobus,
1982; Aby et al., 2010). It is difficult to say whether this sediment was sourced from the
Rio Chama or from the upper Rio Grande through the San Luis basin. The unique 1078
Ma peak may reflect incorporation of grains reworked from Pennsylvanian-Permian or
Jurassic units that are ultimately derived from Grenville-aged sources in the
Appalachians (Gehrels et al., 2011). Alternatively, it could reflect sediment inputs from
~1100 Ma rocks in south-central Colorado if there was connectivity between the Rio
Grande and upper San Luis basin at this time.
The 28-36 Ma zircon population in sample G (640 ka Rio Chama) indicates direct
derivation from the San Juan volcanic field or reworking of the Ojo Caliente Sandstone,
because the Esquibel Member of the Los Piños Formation is not found upstream of this
site (Smith et al., 2002; Smith, 2004). The San Juan basin is the more likely source for
the small populations of Cretaceous and Paleocene zircon. There are 14-20 Ma detrital
zircons and a prominent 1.6 Ma peak present in sample G that are not found in the 30 ka
Rio Chama terrace sample. This difference could reflect input from erosion of earlymiddle-Miocene Santa Fe Group strata and terraces containing the 1.6 Ma Guaje tephra,
both of which are mapped in the erosive badland landscape between the two samples
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(Koning et al., 2004). It is possible that the onset of rapid erosion after ~640 ka depleted
these sediment sources before the younger terrace was deposited.
Sample 01 represents the sediment derived from the Red River valley and
entering the ancestral Rio Grande system at ~4-3 Ma. Based on the Wells et al. (1987)
model for Rio Grande evolution, the Red River served as headwaters of the Ancestral Rio
Grande during this depositional period, and sample 01 represents the sediment derived
from the Red River valley and entering the ancestral Rio Grande system at ~4-3 Ma.
Comparison of the detrital zircon fingerprint of sample 01 with that of other ancestral Rio
Grande sediment of similar depositional age tests the Wells et al. (1987) hypothesis. The
presence of ~15% 28-34 Ma zircon in the ancestral Red River sediment is somewhat
puzzling. The 28.2 Ma Fish Canyon Tuff is not in the Red River drainage basin area but
could have been reworked from the Miocene Valle Vidal Formation (Santa Fe Group)
near the headwaters of the Red River. However, the detrital sanidine age spectrum shows
peaks at 25.75 and 21.77 Ma, but no grains within analytical uncertainty of the Fish
Canyon Tuff, suggesting that the 28 Ma grains are from Latir volcanic field detritus. 31%
of zircons are 1535-1800 Ma with a distinctive age peak at 1718 Ma; this age range is
characteristic of zircons from the northern Taos Range (Karlstrom et al., 2004).
Sample 02 has an age distribution similar to that of the modern Rio Grande
sediment sampled upstream of the Red River confluence, confirming that it is indeed
ancestral Rio Grande sediment and there was fluvial connectivity between the upper and
lower San Luis Basin at ~3 Ma.
Samples 03, 04, and 05, from 4.9-4.5 Ma ancestral Rio Grande sediment in the
Black Mesa-La Mesita area have very similar detrital zircon age spectra. It is likely that
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the Embudo fault played a major role in the position of the incipient Rio Grande valley
and in the deposition and preservation of the river sediment represented by these samples.
Given the relationship between the ancestral Rio Grande and the Embudo fault, it is
likely that the ancestral Rio Grande valley was situated on the hanging wall of the fault.
The 1700 Ma peak is the largest of the Precambrian peaks, and its age is consistent with
higher inputs from the Taos Range of the Sangre de Cristo Mountains, along with grains
sourced from the southern Colorado Rocky Mountains or reworked out of Paleozoic
rocks in the Rio Embudo drainage. Twelve percent of the zircon grains are between 1000
Ma and 1200 Ma, which suggests relatively high inputs from reworked Paleozoic rocks.
More San Juan volcanic field detritus than Amalia Tuff are in these samples, which
suggests that the sediment was deposited by a ~4.9 Ma river that did not have its
headwaters in the Red River watershed, but rather had connectivity to the San Juan
Mountains or was eroding the San Juan-rich volcaniclastic units of the Taos Plateau.
Samples 03, 04, 05, and 06 need additional discussion because, at 4.9-4.5 Ma,
they are the earliest Rio Grande samples we dated and they were deposited within a
developing erosional gorge. The larger percentage (10-12%) of 37-27 Ma grains is
interpreted to reflect a Rio Grande with headwaters in the San Juan volcanic field.
Although the 28 Ma peak could include input from small volume pre-Caldera Latir Field
volcanics, and recycling of the Ojo Caliente Sandstone of the Santa Fe Group (5% 37-27
Ma grains) may have resulted in 28 and 35 Ma grains, previously published data
(Repasch et al., 2016) show that there is only a small volume of San Juan detritus (2-3%
of a sample) that could be reworked out of Santa Fe Group sediment. The La Garita
caldera (origin of the 28.2 Ma Fish Canyon Tuff) is in the headwaters of the modern Rio
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Grande and large volumes of the Fish Canyon tuff remain exposed in the upper Rio
Grande catchment. Older Eocene-Oligocene (40-27 Ma) volcanic units also outcrop
within the modern headwaters; therefore, we interpret relatively high percentages (10%
or more) of 40-27 Ma zircon and sanidine in a sample to reflect fluvial connectivity to the
San Juan Mountains. Samples that exhibit high percentages of San Juan volcanic field
detritus include samples 01, 02, 03, 05, 06, and 09, which range in age from 4.8 to 2.6
Ma. Based on these data, we interpret that the ancestral Rio Grande had its headwaters in
the San Juan Mountains during this time. The Latir volcanic field yields overall younger
detritus than the San Juan volcanic field, particularly large volumes of 25-23 Ma zircon
and sanidine. Large relative percentages of detritus in this age range suggest a major
input from the Red River drainage that is greater than the influence of San Juan Mountain
drainage. However, the reworking of Santa Fe Group sediments remains an important
consideration for interpreting provenance because a seemingly far-travelled grain may
have been recycled out of local sedimentary units.
Sample 07 from the 2.6 Ma Totavi Lentil in White Rock Canyon. 10% of the
zircons in sample 07 are 40-27 Ma, but only 1% of the grains are 27-20 Ma. This
suggests that the ancestral Rio Grande in the vicinity of the modern Jemez Mountains
was receiving most of its detritus from the San Juan Mountains at 2.6 Ma. The ancestral
Rio Grande would have been flowing on top of the Taos Plateau at this time. Nearly 14%
of the zircons constitute the 525 Ma peak, which are possibly derived from PaleoceneEocene formation that acquired Cambrian grains during Laramide erosion and deposition.
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Zircons from the Tusas Mountains constitute the 1688 Ma peak, and it is likely that the
1422 Ma peak arises from Taos Range detritus.
Sample 08, ~4.5 Ma, collected from ancestral Rio Grande sediment in the
Palomas-Engle Basin, has a large age peak at 35.8 Ma, which is most likely derived from
the nearby Mogollon Datil volcanic field (McIntosh et al., 1992). The small peak at 25.4
is interpreted as grains from the Amalia Tuff in the Latir volcanic field, indicating that
there was connectivity between the southern San Luis Basin and southern New Mexico at
~3 Ma when this sediment was deposited. The 92 Ma and 68 Ma peaks represent the
input from the Rio Chama, and support fluvial connectivity through the Española Basin at
this time.
The southernmost detritus sampled in this study, sample 09, has a prominent
detrital zircon age peak at 33 Ma, which was refined by narrow detrital sanidine age
probability peaks at 34.22 Ma and 32.3 Ma. This Eocene-Oligocene detritus could be
derived from the San Juan volcanic field and indicate fluvial connectivity between the
upper San Luis Basin and the Palomas Basin at ~4.5 Ma, but there is greater likelihood
that these grains were transported by small tributaries draining the Mogollon Datil
volcanic field. The largest Precambrian peak at 1680 Ma is characteristic of the Tusas
Mountains (Davis et al., 2011), which indicates that the ancestral Rio Grande that
transported sediment downstream to the Palomas Basin at 4.5 Ma had its headwaters in
the ancestral Rio Chama and the ancestral Rio Grande. To test the hypothesis that the
early Rio Grande that existed in northern New Mexico at 5 Ma reached the Palomas-
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Engle Basin by 4.5 Ma, below we compare detrital zircon samples from the northern and
southern reaches of the ancestral Rio Grande in New Mexico.
Sample 10, from the 1.6 Ma Totavi Lentil, is rich in sediment sourced from the
San Juan volcanic field (28-37 Ma zircons), and has the same Cambrian and Precambrian
peaks observed in the 2.6 Ma Totavi Lentil. Distinct differences between these two
samples include the appearance of young (3-11 Ma) zircons that likely came out of the
silicic sources within the Taos Plateau volcanic field, and an increase in number of
Cretaceous and early Oligocene zircons in sample 10 relative to sample 07. We interpret
these additions to reflect the upstream shift of the Rio Chama confluence between 2.6 and
1.6 Ma.
Constrained at ~8 Ma, sample 11 is the oldest sample we collected from the RGRC system. The detrital zircon age spectrum contains all known rock ages in New
Mexico, and based on a comparison with the near-modern Rio Chama (sample C) this
age distribution has not changed over the last 8 Ma. Lack of evidence for an ancestral Rio
Grande at this time, in addition to the resemblance of downstream ancestral Rio Grande
deposits to the Rio Chama suggests that the Rio Chama dominated the early rift fluvial
system. 1680 Ma is the largest age probability peak in this sample, which is consistent
with crystallization ages obtained from the Tusas Mountains (Davis et al., 2011), which
lie to the east of the Rio Chama.
Sample 12 was collected from a fluvial terrace deposit of the Rio Ojo Caliente
tributary to the Rio Chama that was formerly interpreted to have been deposited by the
ancestral Rio Chama at 1.6 Ma, based on the caliber of the sediment and the inclusion of
reworked Guaje Pumice from the 1.6 Ma pyroclastic eruption of the Valles Caldera
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(Newell et al., 2004). However, the detrital zircon age spectrum does not resemble that of
the ancestral or modern Rio Chama, and nor is it statistically similar to modern Rio
Chama sediment. Lack of 1.6 Ma zircon in the sample and abundance of 1.2 Ma zircon
also indicate that what was formerly interpreted to be Guaje pumice is actually the 1.2
Ma Tshirege member of the Bandelier Tuff. Therefore, we interpret this terrace as a Rio
Ojo Caliente terrace with a maximum depositional age of 1.2 Ma. Abundant 20-25 Ma
zircon in this sample reflects reworking of the Esquibel Member of the Los Piños
Formation (Santa Fe Group volcaniclastic apron of Ingersoll et al., 1990), or from
outcrops of the Amalia Tuff, which are exposed in the Rio Ojo Caliente basin. Lack of
abundant Precambrian zircon also supports local sediment sources rather than far-traveled
grains that would be expected in a large river like the Rio Chama.
At the southern extent of the Taos Plateau volcanic field, Black Mesa was the
location of a main-stem ancestral Rio Grande that had headwaters in San Juan Mountains
and had initiated incision of the Rio Grande gorge at ~5 Ma. Because the sediment
preserved here is the oldest discovered for the Rio Grande system, we interpret this early
5 Ma main-stem river to represent the birth of the Rio Grande fluvial system. The 4.8 Ma
sand at Black Mesa contains abundant (10%) 40-27 Ma zircon and sanidine from the San
Juan Mountains interpreted to reflect San Juan volcanic field input at this time. Thus, the
spill-over of Lake Alamosa at ~430 ka had to be a re-integration of the modern
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headwaters in the San Juan Mountains to the lower Rio Grande system, rather than a first
integration as previously understood.
To test if our ancestral Rio Grande samples were derived from a population with
the same zircon age distribution, we compared the detrital zircon age data using statistics
derived from the Kolmogorov-Smirnov test (K-S test). On a first order the detrital zircon
age data was compared using a cumulative distribution function (CDF), which uses the
K-S algorithm and the uncertainty in individual age analyses to measure the cumulative

Figure 14. Cumulative distribution functions (CDFs) for comparison among key detrital zircon samples
of both modern and ancestral Rio Grande and Red River sediment.

probability that a zircon grain in a sample will be younger than a certain age (Guynn and
Gehrels, 2010). Similarly shaped CDF curves represent samples that have roughly equal
proportions of sediment derived from the same distinct sources. Figure 14 shows the CDF
curves calculated for samples 01, 03-11, A, B, E, F, and G, which represent both modern
and ancestral Red River, Rio Grande, and Rio Chama in various locations in the drainage
basin. The steps in the CDF curves roughly correspond to peaks in the age probability
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density curves. Main steps observed in the Rio Grande system are at 35.3, 200, 1100,
1450, and 1770 Ma. Overlap among samples 03-11 indicates significant similarity in
zircon age distributions for the main-stem Rio Grande, and suggests that during 5-3 Ma,
the same trunk river was flowing from northern New Mexico to southern New Mexico.
These data support the birth of the ancestral Rio Grande at ~5 Ma. CDF curves for
samples 01, 02, and the modern Rio Grande plot above the others due to lack of tributary
sediment input.
To further compare the detrital zircon age data, we used the probability criterion
called the p-value generated by the K-S test to mathematically identify significant
differences between two given samples. P-values exceeding 0.05 indicate no statistically
significant difference between two samples, and therefore the two samples could be
derived from the same zircon population (Guynn and Gehrels, 2010). P-values derived
from comparing all ancestral Rio Grande sediment samples are listed in Table 4. Through
visual comparison between the age spectra of sediments deposited in the Palomas basin at
4.5 Ma (sample 09) and southern San Luis Basin sediments of the same age (samples 03,
07, and 11), it does not appear that the two reaches of the ancestral Rio Grande are the
same. However, the K-S test yields p-values of 0.310, 0.081, and 0.185, respectively.
These high values suggest that the samples represent the same river flowing from the
southern San Luis Basin to the Palomas Basin at 4.5 Ma, supporting the proposed
downward drainage integration to Texas by ~4 Ma (Mack et al., 2006).
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Table 4. P-values generated from the Kolmogorov-Smirnov test (K-S test) performed on the detrital zircon
data for the twelve ancestral Rio Grande-Rio Chama samples. Bolded values indicate a p-value exceeding
0.05, which indicates with 95% confidence that two samples could have been drawn from the same zircon
distribution (i.e. both sampled from sediment deposited by the same river).

Comparing the detrital zircon age probability density curves for samples 07 and
10, which represent the ancestral Rio Grande through the Jemez Mountains at 2.6 Ma and
1.6 Ma, respectively, reveals a change in sediment provenance. The presence of young
zircon and sanidine (6-3 Ma) from silicic volcanics of the Taos Plateau volcanic field, as
well as the enrichment of grains sourced from the San Juan volcanic field and Paleozoic
rocks of the Rio Chama basin in sample 10, and relative absence in sample 07, is
interpreted to mean that RG-RC confluence shifted nearly 70 km northward from 2.6 to
1.6 Ma. This channel migration is a result of magmatic uplift of the Jemez Mountains,
such that the Rio Chama-Rio Grande confluence was downstream of the present day

69

Jemez Mountains at 2.6 Ma, but was forced northward and is now upstream of the Jemez
Mountains. Figure 15 illustrates this channel migration in three time steps. The weaklylithified nature of the Santa Fe Group
allowed the channel to be highly mobile
and susceptible to regional surface uplift.
We propose that the southeast-flowing
ancestral Rio Chama reached the Rio
Grande in the vicinity of Santa Domingo
Pueblo until uplift associated with the
building of the Toledo Caldera within the
Jemez volcanic field, which culminated
with an eruption at 1.6 Ma that caused
the Rio Chama to migrate northward,
shifting its confluence with the Rio
Grande upstream nearly 70 km. River
damming by eruptions of the Bandelier
Tuff at 1.6 and 1.2 Ma (Reneau and
Dethier, 1996) likely played a significant
role in driving the
confluence
further upstream

Figure 15.
Paleogeographic
reconstruction of the Rio
Grande-Rio Chama
confluence for three timeslices: 2.6 Ma, 1.6 Ma,
and 1.2 Ma. Dark blue
lines represent the 1.2 Ma
to modern path of the Rio
Grande-Rio Chama
system.
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to its present position.
4. DISCUSSION AND IMPLICATIONS
4.1. Structural control on river planform
The path of the Rio Grande has been determined by the structural geometry of the
Rio Grande rift as the river progressively connected and integrated successive rift basins.
Within basins, the river has migrated toward the master fault at times of high slip, and to
central positions as alluvial fans push the river toward the basin center. The integration
process itself was influenced by the geometry of accommodation zones between basins
that controlled spillover, surface drainage, and groundwater flow. During the integration
of the San Luis basin with the Española basin starting at ~ 5 Ma, the river followed the
Embudo fault zone, which has had active sinistral/northwest-down oblique slip since 5
Ma (Kelson et al., 2004). The river’s path through the Española basin has been dictated
by the Jemez and Cerros Del Rio volcanic fields, which both forced the river to carve
present White Rock Canyon, and precursor paleocanyons, in the area between them.
Volcanic fields in southern rift basins have also influenced the position of the river and
its tributary confluences.
4.2. River profile analysis
This is the first time to our knowledge that the entire Rio Grande profile (Fig. 6)
has been analyzed. If we ignore the four knickpoints created by manmade dams (B, C, G,
H), the profile is comprised of two generally concave-up segments above and below a
dominant knickpoint (A). This large knickzone records a reach of the river responding to
some external perturbation. A graded river can reach steady-state dynamic equilibrium in
a time span of about 105 years (Pazzaglia et al., 1998) following a tectonic or
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environmental disturbance. When hard bedrock is involved, knickpoints can persist for
106 years (e.g. Donahue et al., 2013). The geometry of basalt emplacement in the Taos
Plateau volcanic field from ~5 to 2.5 Ma is approximated by the red line labeled Rio
Grande Gorge in Fig. 6, and also shown in the inset to Fig. 6. This basalt plateau has been
resistant to erosion and provides the first order explanation for the regional knickpoint.
The knickpoint in the modern river is similar in shape to the plateau rim and the river has
incised a deep gorge through resistant basalt bedrock below the knickpoint (see Fig. 6
inset). It appears to have retreated about 100 km from Black Mesa to its present position
within 5 Ma, at a lateral rate of ~20 km/Ma. Rates of knickpoint celerity measured on
other rivers can exceed 1000 km/Ma (Bishop et al., 2005; Berlin and Anderson, 2007),
where faster rates correspond to larger upstream drainage area and more erodible
bedrock. Gunnison River knickpoint migration in the last ~1 Ma has been at a rate of 90440 km/Ma through soft rocks (Mancos shale) and ~50 km/Ma through basement rock
(Aslan et al., 2014) since the abandonment of Unaweap Canyon, a major downstream
perturbation. Knickzone (A) is comprised of numerous individual knickpoints suggesting
that multiple perturbations (basalt flows and faulting) helped generate and maintain this
disequilibrium profile.
In addition to bedrock control by resistant lithology, knickpoints may represent a
transient erosional response to an increase in the rate of headwater uplift/base-level fall
such as that caused by dynamic topography during the Quaternary (e.g. Rosenberg et al.,
2014). We interpret the main Rio Grande knickpoint (A of Fig. 6) to be a combination of
bedrock control and transience in that the formation of the Taos Plateau volcanic field
likely represented surface uplift that helped drive increased channel gradient and
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knickpoint migration, and post-10 Ma uplift of the San Juan Mountains may also have
changed upstream river gradient and discharge.
Knickpoints D, E, and F may reflect a combination of bedrock and structural
control at the accommodation zones between basins. Knickpoint D does not have an
obvious bedrock control, and we speculate that it may be a relic of the downward
integration process.
4.3. Downstream drainage integration
Figure 16 shows the paleodrainage evolution of the RG-RC system based on the
data collected and synthesized in this study (and modified from Smith, 2004; Connell et
al., 2005; Mack et al., 2006). The overall model involves downstream integration of
previously internally-drained rift basins following the birth of the Rio Grande at ~5 Ma.
Similar to Kimbrough et al. (2015), downward integration is supported by the appearance
of the full detrital zircon age spectrum of the entire watershed at the time of the birth of
the river (rather than headward progressing changes in detrital grains as each tributary
was captured). Figure 16A shows fluvial connectivity from the San Luis to Albuquerque
basins by ~5.3 Ma, which is supported by new basalt ages, inset relationships, detrital
mineral provenance at Black Mesa, and downstream younging of the transition from
aggradation to axial rivers in each basin (Fig. 3; Pazzaglia and Hawley, 2004; Connell et
al., 2005). Figure 16B shows downward integration to the Palomas basin by 4.5 Ma as
documented by similar detritus in 4.5 Ma Palomas basin sediment. The presence of
Colorado (28-36 Ma) and northern New Mexico basement sources in this sediment
suggest that upper Rio Grande drainage from the San Juan Mountains was integrated to
the southern New Mexico Rio Grande system by 4.5 Ma. The development of the Taos
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Plateau volcanic field likely helped increased valley gradient below it, may have
decreased it above, and possibly increased discharge of groundwater from the San Luis
Basin while restricting through-flow of sediment from the upper San Luis basin. Each of
these factors, plus slip on the Embudo fault, drove early incision of an ancestral Rio
Grande gorge that focused basalt runouts from 4.5 to 2.8 Ma. Figure 16C shows that the
Rio Grande extended further south into the Hueco Basin in Trans-Pecos Texas by ~2.5
Ma (Fig. 3; Gustavson, 1991; Mack et al., 1993, 2006; Seager et al., 1984). Figure 16C
also suggests that Lake Alamosa formed above the Taos Plateau volcanic field such that
San Juan surface drainage was diminished, but groundwater through-flow was still likely.
Figure 16D shows the relocation of the RG-RC confluence inferred from changes in
detrital mineral populations of the 2.6 Ma versus 1.6 Ga Totavi Lentil samples. This is
interpreted to be a result of building volcanic topography with the 1.6 Ma Toledo caldera
and Otowi ash flow eruptions in the Jemez Mountains. Downward integration of the Rio
Grande to the Gulf of Mexico took place by 0.8 Ma in part due to further development of
the Jemez Mountains recharge area during 1.2 Ma Valles Caldera eruptions of the upper
Bandelier tuff. Figure 16E shows that spillover of Lake Alamosa (~600-400 ka) (Rogers
et al., 1992; Machette et al., 2013) and Valles Caldera lakes (~500 ka; Fawcett et al.,
2011), accompanying Late Pleistocene climate changes, increased valley incision rates
along the entire system after ~500 ka.

74

Figure 16. Paleodrainage reconstructions of the Rio
Grande-Rio Chama system from the headwaters to TransPecos Texas from ~5.3 Ma (A) to ~500 Ma (E). This figure
illustrates the influence of magmatic uplift and volcanism
on drainage reorganization events. Downward-propagating
drainage integration was contemporaneous with building of
the Taos Plateau volcanic field starting at ~5 Ma and was
facilitated by epeirogenic uplift along the Jemez volcanic
lineament. Drainage evolution off the eastern Sangre de
Cristo Mountains was adapted from Nereson et al. (2013).
Southern New Mexico drainage evolution was adapted from
Mack et al. (2006). Little Colorado River drainage evolution
was based on Karlstrom et al. (2016). Timing of spillover of
Lake Alamosa was determined from Machette et al. (2013).
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4.4. Ancestral Rio Grande in the San Luis Basin
The San Juan Mountains have been a topographic high in the landscape for the
last 30 Ma, and snowmelt and runoff from these mountains would have been required to
drain somewhere over this time period. Based on radial river patterns (Fig. 1), the modern
Rio Grande and San Juan rivers seem to have evolved and become entrenched from
paleorivers that deposited the volcaniclastic apron around the Rocky Mountain volcanic
field (Ingersoll and Cavazza, 1991; Donahue et al, in review). The 10-5 Ma history of
these paleorivers is unclear, but by ~5 Ma when Taos Plateau volcanism became
voluminous and widespread (Figs. 10, 11), the pattern of drainages was likely affected by
early vent regions and structures of the southern San Luis basin. Grauch and Keller
(2004) showed numerous vents in the central and western Taos Plateau. Geophysical data
indicate a major Taos graben on the eastern Taos Plateau, with a western fault near the
present river gorge and an eastern fault near the present Sangre de Cristo Mountain front
(Grauch and Keller, 2004). This graben likely localized subsidence and drainage by 5
Ma. Overall, it is likely that the 5 to 2 Ma Taos Plateau volcanism created a persistent
topographic barrier to surface drainage from the north. However, the formation of this
constructional topography and associated epeirogenic uplift above the Jemez lineament
likely also caused higher stream gradients out of San Luis basin and increased discharge
as wetter ~ 6 Ma climate (Chapin, 2008) and groundwater sapping from upstream were
focused into the Taos graben area to drive downstream flow and canyon cutting. Pre-5
Ma history of the upper San Luis basin is obscured by 2.5-0.5 Ma lake sediments and its
present flat topography, but shallow (up to 400 m) well data from the New Mexico Office
of the State Engineer (NMOSE) (Appendix A of Johnson and Bauer, 2012) include
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lithologic logs for wells drilled into the central Taos Plateau volcanic field north of the
Red River confluence. Cuttings from Well TC-245 south of Cerro Chiflo reveal clay,
sand, and gravel at 30-60 m (105-200 feet) depth, and sand and gravel at 111-118 m
(365-390 feet) depth between separate flows of Servilleta basalt. Sand and gravel at 365390 m depth beneath the lower Servilleta basalt suggests a river through this area before
4.9 Ma, based on the age of lower Servilleta basalt at the Red River confluence. Clast
size, roundness, and compositional characteristics of these sediments were not
documented in the well log, so it is uncertain whether they were deposited by the mainstem ancestral Rio Grande or by a side-stream tributary such as the ancestral Red River.
Paleotopography before 5 Ma can be reconstructed in part based on the thickness
of the Servilleta basalts on the Taos Plateau volcanic field. Based on the Rio Grande
Gorge stratigraphy studied by Dungan et al. (1984) (Fig. 10), the Servilleta basalt flowed
southward from vents to the north and west on the Taos Plateau and reached a
topographic low in the vicinity of the Taos graben (Bauer and Kelson, 2004) and Gorge
“Arch” south of the Rio Grande Gorge Bridge where it is thickest. It is likely that this
structurally controlled topographic low was the ancestral Rio Grande valley prior to ~ 5
Ma. Similar age flows at Black Mesa and La Mesita follow a smooth, shallow elevation
gradient from the southern tip of the Taos Plateau consistent with ~5- 4.5 Ma basalt
flowing southwest down a river channel.
4.5. Black Mesa-La Mesita
Black Mesa forms a key piece of evidence for birth of the Rio Grande and its
gorge. The mesa has a run-out geometry parallel to the Embudo fault that we interpret to
preserve the course of a paleovalley. The new 4.511 Ma age for basalt at the NW side of
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the mesa coupled with coarse river gravels beneath the flow are interpreted as evidence
for an early Rio Grande that connected the San Luis basin to the Española basin. Previous
workers reported a 3.65 Ma age for Black Mesa (Newell et al., 2004, Koning et al., 2011)
but these younger flows (4.06 to 3.39 Ma) are now known to be inset to the southeast at a
slightly lower elevation than the 4.5 Ma basalt (Fig. 13). The width and shape of the 5.5
to 4.5 Ma paleovalley is suggested by 4.84-4.92 basalt flows across the paleovalley at La
Mesita (Fig. 12). These flows are the same age within analytical uncertainty as the 4.84.9 Ma flows at the Red River confluence suggesting they flowed down a valley parallel
to the Embudo fault along a path similar to the modern river gorge. Correlation of
discontinuous flow remnants is difficult (e.g. Crow et al., 2015) and additional flow
correlation is needed using geochemical comparisons, but the presence of 5.5-4.5 Ma
older basalt on the northeast side of Black Mesa and Comanche Rim (Fig. 12) as well as
on the SE side of La Mesita suggests a fault-influenced 5-km-wide Rio Grande gorge
with a major river system had developed by ~ 4.5 Ma. Inset relationships of SW-flowing
magnetically reversed 4.65 Ma basalt flows against 4.82 to 5.54 Ma magnetically normal
polarity flows along Comanche rim is supported a sharp aeromagnetic anomaly that
parallels Black Mesa (Koning et al., 2016). Younger flows also define a developing,
fault-influenced, river gorge from 5.0 to 3.5 Ma, at the same time flows were building a
stratigraphic flow package on the Taos Plateau. This supports the concept of headwater
uplift by constructional volcanism (as well as any epeirogenic uplift) as a major driver for
initiation of canyon cutting during Servilleta basalt volcanism. Prior to 5 Ma, Santa Fe
Group lithosomes suggest that pre-Pliocene paleodrainages such as paleo Rio Grande/
Red River, paleo Rio Pueblo de Taos, and paleo Rio Embudo, as well as possible
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southeast-flowing drainages, were converging and mixing toward Black Mesa (Koning et
al., 2004, 2016).
4.6. Drivers of river integration: tectonics, climate, and geomorphic change
This paper argues that the turn-around from aggradation in the Rio Grande rift to
incision of broad river valleys has taken place north to south by spill over and
groundwater sapping mechanisms. Connell et al. (2012) proposed that the integration of
the Rio Grande was controlled by the balance between basin subsidence and sediment
supply to the basins, such that slowing rates of basin subsidence and increasing rates of
sediment supply allowed basins to fill up and dampen topographic divides that limited
fluvial connectivity. However, the abrupt 4.5 Ma integration event from the headwaters
to southern New Mexico, the extension to the Gulf at by 0.8 Ma, and the ~ 0.5 Ma
reintegration caused by spillover of Lake Alamosa all seem to require additional shorterterm additional driving forces. Downward integration drove the geomorphic change, but
what drove integration?
For the downward integration at 4.5 Ma, multiple external influences are likely. In
addition to waning basin subsidence that allowed rivers to breach divides, we favor the
following order of influence on this integration. 1) Increased gradient for the Rio Grande
would have resulted from surface uplift (volcanic topography plus epeirogeny above the
Jemez lineament) and focused of Rio Grande drainage to join the existing Rio Chama at
about 5 Ma to form a major river system with headwaters in the San Juan Mountains; 2)
Movement on the Embudo fault likely provided a more focused stream pathway; 3)
Increased discharge following the 6 Ma opening of the Gulf of California (Chapin, 2008;
Cather et al., 2012) may have provided higher discharge but note that extension of the
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RG-RC system from northern to southern New Mexico took place quickly about 4.5 Ma
rather than at 6 Ma.
For extension of the Rio Grande to the Gulf of Mexico and valley incision after 1
Ma, we favor the following influences. 1) 1.6 and 1.2 Ma Jemez Mountain caldera
eruptions and associated surface uplift may have instigated downward integration to the
Gulf of Mexico, then the lowering of base level increased the rates of regional valley
incision. 2) Onset of the North American glaciation at ~2.6 Ma (Huybers and Molnar,
2007) and eccentricity-driven climate cycles (Zachos et al., 2001) may have increased
erosive nature of climate to induce incision (Connell et al., 2013) but this change started
about 2.6 Ma and hence is hard to correlate with 0.8 Ma extension of the Rio Grande
system to the Gulf. Also, if the Rio Grande had not yet been integrated to the San Juan
headwaters at this time (Machette et al., 2007, 2013) there would not have been San Juan
Mountain snow/glacier melt to cause such a dramatic shift in fluvial regime.
Spillover of Lake Alamosa at 0.4-0.6 Ma may have increased the system’s stream
power necessary caused the river system to incise more rapidly along its length.
However, the Machete et al. (2007, 2013) date of 440 ka for this event does not
correspond well with semi-steady incision of the Rio Grande system since 640 ka. Such a
spillover event could have been primarily a geomorphic change, or may have reflected a
climate change event. Climate-modulated hydraulic effects on rivers (e.g., Pazzaglia,
2005) may explain increased incision rates after 430 ka, consistent with higher
amplitudes of glacial-interglacial cycles during this time as reflected in the marine
oxygen isotope record (Karner et al., 2002). Mega drought cycles are recorded in caldera
lakes of the Jemez Mountains (Fawcett et al., 2011) that also may have influenced
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downstream incision rates. Better chronological control on differential incision
throughout the system is needed to evaluate these potential stimuli.
4.7. Dynamic topography
Increased incision rates in the Rio Grande‒Rio Chama system may also be
attributed to late Cenozoic surface uplift and accompanying tectonic adjustments
associated with a buoyant, upwelling mantle beneath the San Juan volcanic field and
northern New Mexico (Karlstrom et al., 2012). Several studies of geomorphology in the
southwestern U.S. have attributed enhanced river incision and long profile deformation to
dynamic topography driven by mantle upwelling beneath the Jemez volcanic lineament
(e.g. Wisniewski and Pazzaglia, 2002; Nereson et al., 2013; Channer et al., 2015). The
Jemez lineament (Fig. 2) is a roughly 50-km wide northeast-trending belt of late
Cenozoic volcanic fields (Aldrich, 1986) that may be genetically related to a
Precambrian-age boundary between the Yavapai and Mazatzal magmatic provinces
(Magnani et al., 2004). This feature may be a zone of crustal weakness, leading to a
concentration of volcanism here during Cenozoic time (Laughlin et al., 1982).
Wisniewski and Pazzaglia (2002) postulated that incision of the Canadian river in the
Great Plains region of northeastern New Mexico is enhanced by post-Miocene broadscale uplift along the Jemez lineament. Similarly, Nereson et al. (2013) postulated about
650 m of uplift of basalt surface in the last 4-5 Ma and suggested that post-Miocene
epeirogeny associated with the lineament is the best explanation for reorganization of
east-flowing rivers to dominantly southeast flow in the northern Great Plains. Similarly,
Channer et al., (2015) interpreted convex-up profile of the modern river, and of warped
paleoprofiles determined from dated strath gravels, to also indicate 100-200 m of surface
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uplift at a rate of 50 m/Ma above the Jemez lineament in the last 4-5 Ma. They attributed
the combined uplift effects of upwelling buoyant low velocity mantle, magmatic heating,
and crustal inflation by dike and sill networks as mechanisms that could lower crustal
density and drive uplift. The Taos Plateau is between these other two case studies and we
postulate that mantle-driven epeirogenic uplift of ~ 500 m above the Jemez lineament
over the last 5 Ma has added to landscape changes from constructional volcanic
topography to facilitate multiple events that drove downstream-propagation of basin
spillover events, including the spillover of Lake Alamosa.
5. CONCLUSIONS
Improved geochronology of the interactions between river incision and Taos
Plateau volcanism, and a first ever detrital zircon study of RG-RC alluvium provide key
information needed to understand the evolution of the Rio Grande–Rio Chama fluvial
system. Interpretation of these results in concert with a synthesis of existing data has
resulted in a new hypothesis for the interactions among tectonic, magmatic, climatic, and
geomorphic processes that have shaped its evolution.
A major new implication of this study is that magmatically driven uplift was a
primary stimulus for several stages of river system reorganization. Major tectonic and
magmatic influences on the RG-RC fluvial system are as follows. 1) Detrital zircon data
show voluminous 28-36 Ma grains that suggest that the San Juan volcanic field has been
a long-lived sediment source for the Rio Grande extending back to ~5 Ma. 2)
Downstream integration of the RG-RC system to southern New Mexico at 4.5 Ma was
coincident in time with building of the Taos Plateau volcanic field and initial carving of a
Rio Grande paleovalley as documented by inset basalt relationships near Black Mesa;
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hence we view this major integration event to have been driven by uplift of the Taos
Plateau. 3) Detrital zircon data suggest that the Rio Grande-Rio Chama confluence
shifted about 50 km upstream between 1.6 and 1.2 Ma due to Jemez Mountain caldera
volcanism. 4) Eventual downward integration of the Rio Grande system to the Gulf of
Mexico by 0.8 Ma was driven by 1.2 Ma surface uplift associated with the 1.23 Ma
Valles Caldera eruption and subsequent ring fracture magmatism from 1.0 to 0.5 Ma
(Goff and Gardner, 2007). 5) The 0.69-0.44 Ma spillover of volcanically dammed Lake
Alamosa is interpreted here as a reintegration (not initial integration) of San Juan
Mountain drainage to the Rio Grande. 6) We propose that epeirogenic uplift at the scale
of ~500 m centralized along the Jemez lineament since about 5 Ma (100 m/Ma) has
interacted with other forcings to drive downward river integration (the birth) and
evolution of the Rio Grande fluvial system.
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APPENDICES
Appendix A. 40ar/39ar analytical data and new ages for basalt flows exposed along the rio
grande gorge in the taos plateau volcanic field

Appendix B. Detrital mineral sources
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Appendix A. 40Ar/39Ar analytical data and new ages for basalt flows exposed along the Rio
Grande Gorge in the Taos Plateau Volcanic Field

Figure A1. Map showing new and existing 40Ar/39Ar ages for dated volcanic rocks of the Taos Plateau
volcanic field.
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Table A1. New 40Ar/39Ar ages and analytical data for basalt samples reported in section 3 of this paper.
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Table A2. 40Ar/39Ar ages and analytical data for Taos Plateau basalts collected and analyzed by Appelt
(1998).
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APPENDIX B. DETRITAL MINERAL SOURCES
Precambrian sources
Karlstrom et al. (2004) summarized the Proterozoic tectonic evolution of northern
New Mexico, and reported U-Pb ages of Proterozoic plutonic and volcanic rocks. Jones
et al. (2011) and Daniel et al. (2013) reported detrital zircon spectra from Proterozoic
metasedimentary rocks whose associated zircon could have been recycled into Rio
Grande‒Rio Chama sediment. The oldest zircon populations in the Rio Grande-Rio
Grande source regions are 1.8-1.7 Ga volcanogenic rocks that formed during the Yavapai
orogeny; these are exposed in the Needle Mountains of Colorado, Tusas Mountains of
northern New Mexico, and Sangre de Cristo Mountains near Taos. These basement rocks
likely contributed 1.8-1.7 Ga zircon to the Rio Grande‒Rio Chama system through
tributaries that include Red River, Rio Hondo, Rio Pueblo de Taos, and Rio Ojo Caliente.
Consequently, these ages are not useful to constrain exact source regions. Rhyolitequartzite successions of the Vadito and Hondo groups dated at ~1.7 Ga are prevalent
throughout northern New Mexico, and include the Tusas Mountains on the western flank
of the Rio Grande rift, the Needle Mountains of Colorado, and the southern Sangre de
Cristo Mountains; these metasediments also include Archean grains. Thus, 1.7-1.68 Ga
and Archean grains may be derived from several locations and may have been
extensively reworked, and thus are not especially useful in determining source region.
Proterozoic granite (1.66-1.63 Ga) rocks exposed in the southern Sangre de Cristo
Mountains (Pedrick et al., 1998) may have provided a source of zircon to the Rio Grande
near the Colorado-New Mexico border, as well as near Santa Fe where granite is the
dominant lithology (Metcalf and Stropky, 2011).
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A 1.5-1.47 Ga succession of metasedimentary rocks called the Trampas Group
(Daniel et al., 2013) is exposed only in the Picuris Mountains in the Rio Embudo
drainage and contains a very distinctive age range of zircon from 1.6-1.5 Ga, an age
range that has been interpreted to represent a “tectonic gap” in southern Laurentia and not
found in igneous rocks of New Mexico (Karlstrom et al., 2004). Hence this age of zircon
in the Rio Grande‒Rio Chama system would be expected only from recycling of the
Trampas Group in the Picuris Mountains. Granites dated at 1.45-1.35 Ga are scattered
throughout the southern Rocky Mountain region, and zircon from these plutons could
enter the Rio Grande system from the Needle Mountains near the Rio Grande headwaters
in Colorado, as well as the Tusas, Picuris, Santa Fe, Nacimiento, and Sandia Mountains.
Therefore, 1.45-1.35 Ga granites are not particularly useful in discriminating source
regions.
A third Precambrian age peak at 1.0 Ga in many spectra may reflect recycled
zircon from the de Baca Group (Karlstrom et al., 2004), or recycled Pennsylvanian
detritus derived ultimately from the Appalachian and Ouachita collisions (Gehrels et al.
2011). A similar-age pluton is present in the area of Pikes Peak that is outside of the Rio
Grande drainage basin. Overall, the detrital zircon peaks at 1.0, 1.7 and 1.4 Ga are found
throughout the southwestern U.S., and therefore Precambrian grains have not been very
useful in discriminating basement source terranes, but those from the 1.5-1.47 Ga
Trampas Group offer potential.
San Juan Volcanic Field
The San Juan Volcanic Field lies in the Rio Grande headwaters and is expected to
dominate the detrital zircon signature of the upper Rio Grande fluvial system (Fig. 1).
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Lipman (2007) provides a detailed summary of the eruptions that took place in the
southern Rocky Mountains. The most voluminous eruption in the San Juan Volcanic
Field (>5000 km3) was that of the La Garita caldera at 28.20 ±0.05 Ma, which deposited
the Fish Canyon Tuff (FCT). Detrital zircon from the FCT might be expected to have a
dominant presence in the river systems that radially drain the southern Rocky Mountain
region (Karlstrom et al., 2011). Drainage from the La Garita caldera enters directly into
the uppermost reaches of the modern Rio Grande, suggesting that a large fraction of the
zircon found in upper Rio Grande sediment should yield U-Pb ages of 28.20 ±0.05 Ma.
While the modern Rio Chama has its headwaters in the southern San Juan Mountains, it
does not have direct fluvial connectivity to the La Garita caldera. One might expect that
detrital zircon samples from the Rio Grande will be rich in FCT-aged grains for periods
of time when the river has direct fluvial connectivity to the southern San Juan Mountains.
Thus, Rio Grande sediment deposited prior to the spillover of Lake Alamosa (>400 ka)
should not be rich in FCT-aged zircon, unless grains were recycled from Santa Fe Group
sediment.
Other significant eruptions in the Rio Grande headwaters occurred at 26.9 Ma
(Nelson Mountain Tuff), 27.04 ±0.02 Ma (Snowshoe Mountain Tuff, Creede caldera),
27.56 ±0.05 Ma (Wason Park Tuff, South River caldera), and 27.73 ±0.05 Ma (Carpenter
Ridge, Bachelor Mountain caldera) (Fig. 1). In addition to these caldera events,
voluminous eruptions from calderas outside of the Rio Grande headwaters resulted in
deposition of older volcanic ash within the Rio Grande watershed. These include the 28
Ma eruption of the Uncompahgre caldera, several voluminous 29-30 Ma eruptions from
the Platoro caldera in the southeastern San Juan Mountains, the 33.33 ±0.04 Ma (>1000
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km3-volume) eruption of the Bonanza caldera (Fig. 1), and the 37.25 ±0.08 Ma Wall
Mountain Tuff (>100 km3-volume) that erupted near Mt. Princeton, CO (not shown on
Fig. 1). Zircon from each of these eruptions could enter the headwaters of the Rio Grande
and Rio Chama systems, and therefore we expect abundant zircon age populations
ranging from 27-37 Ma for times when these paleorivers carried sediment sourced in the
San Juan Mountains.
Latir Volcanic Field
The Latir Volcanic field lies within the Taos Range of the Sangre de Cristo
Mountains in New Mexico, and is part of the greater southern Rocky Mountain Volcanic
Field. Ages of caldera and pre-caldera eruptions within this field are reported in
Zimmerer and McIntosh (2012). At present, volcanic rocks in the Latir Field cover an
area roughly 1200 km2, which are erosional remnants of what was once a much larger
field. The Latir Volcanic field sits in the headwaters of the Red River, a major tributary to
the Rio Grande in northern New Mexico and the proposed pre-400 ka headwaters of the
Rio Grande (Wells et al., 1987; Machette et al., 2013). The most significant eruption in
the Latir Field was that of the Questa Caldera at 25.49 ±0.13 Ma, which deposited the
(>500 km3-volume) Amalia Tuff. Just prior to that event, the Cordova Creek rhyolite was
emplaced at 25.57 ±0.04 Ma. Pre-caldera eruptions that were relatively low volume and
intermediate in composition occurred synchronously with eruptions of the central San
Juan volcanic field, including the 28.22 ±0.05 Ma eruption of the Tetilla Peak Tuff. Thus,
zircon from the Latir Volcanic Field tuffaceous units would result in age peaks around
25.5 Ma (predominantly) and 28.22 Ma. The distinction between Latir field zircon and
San Juan field zircon provides the opportunity to test the timing of the spillover of Lake
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Alamosa – when Rio Grande sediment became dominated by San Juan Volcanic field
sediment rather than Latir Volcanic field sediment. For example, one would expect very
different chronological patterns of drainage integration for headward erosion vs. fluvial
or lacustrine spillover. Headward erosion would be characterized by gradual increases in
proportions of upstream sediment sources through time, whereas a spillover would result
in an abrupt increase in upstream-sourced sediment in one terrace deposit relative to an
older nearby deposit. Presence of Latir Volcanic field zircon in Rio Grande sediment
would suggest direct fluvial connectivity between the Rio Grande and Red River
headwaters.
Mogollon-Datil Volcanic Field
The Mogollon Datil Volcanic Field (MDVF) is an important sediment source for
the Rio Grande in southern New Mexico. McIntosh (1992) used single crystal laser
fusion to date major caldera eruptions of the MDVF (ages reported relative to the 27.83
Ma FCT-3 and 520.4 Ma mmhb1 standards). Remnants of these eruptions within the Rio
Grande catchment include the 36-35 Ma tuffs from the Organ Cauldron, 35.48±0.07 Ma
Datil Well Tuff, 34.89±0.05 Ma Kneeling Nun Tuff, 32.06±0.10 Ma Hells Mesa Tuff,
29.01±0.11 Davis Canyon Tuff, 28.85±0.04 Ma La Jenica Tuff, 28.56±0.04 Ma Vicks
Peak Tuff, 27.36±0.07 South Canyon Tuff, and 24.3±0.04 Turkey Springs Tuff. We
expect zircons of these ages to be abundant in Rio Grande sediment in the Palomas basin.
Santa Fe Group
Rio Grande rift basin fill (called the Santa Fe Group) is generally non- to
moderately cemented and erodes relatively easily. Therefore, erosion of this basin fill in
northern New Mexico likely provides a major proportion of sediment preserved in Lava
92

Creek B deposits and younger terraces. Of particular interest in this paper is
discrimination of two source areas in the middle to late Quaternary: the Latir vs. San Juan
Volcanic field. Complicating this effort is the presence of lithologic units in older Santa
Fe Group in the Espanola and San Luis Basins that were sourced from these two fields.
This section summarizes previous provenance work in the San Luis and Espanola Basins,
particularly that of Ingersoll et al. (1990), Smith et al. (2001), Smith (2004), and Koning
et al. (2011b).
As far as is known, there was drainage connection between the southern San Luis
Basin and the Espanola Basin throughout the Miocene (Smith, 2004). Sediment derived
from the Latir Volcanic Field is seen in such units as the Abiquiu Formation, Cordito
Member (Los Pinos Formation), Chama El Rito Member (Tesuque Formation) and the
Picuris Formation. However, Oligocene-early Miocene Santa Fe Group sediment derived
from the San Juan volcanic field is restricted to the Esquibel Member of the Los Pinos
Formation (Manley, 1981; Ingersoll et al., 1990). This lithologic unit is found on the
eastern slopes of the Tusas Mountains (Butler, 1971; Manley and Wobus, 1988; Aby et
al., 2010).
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